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Abstract 

The integration of phase change materials (PCMs) into building components has attracted in-

creasing interest in stabilising indoor temperatures by enhancing the thermal energy storage (TES) 

capacity and decreasing temperature swings, which lead to an improvement in buildings' thermal 

comfort and energy efficiency. Gypsum board, with the advantages of low cost and ease of placement, 

has wide applications for ceiling or wall covering. Thus, PCMs have great potential to be incorporated 

into gypsum board to improve the energy performance of buildings. However, the application of 

PCMs has been remarkably restrained by their poor shape stability during the phase change process. 

Accordingly, a challenge to practical application is that the PCM leak from the building materials. 

Moreover, due to its low thermal conductivity, the low heat transfer rate of normal PCM also acts as 

a block upon the wide utilisation of its enormous TES capacity benefits. As yet, very little research 

has been conducted to study the performance and benefits of using PCMs in real houses, especially 

in combination with thermal insulation. 

This study aims to overcome the above issues by containing PCM in porous diatomite material 

to develop form-stable composite PCM (FSPCM) and study the influence of using FSPCM in max-

imising the TES capacity of gypsum board for improving the thermal performance of houses. Test 

results showed that the produced FSPCM with 48.7 wt.% of diatomite enhanced the thermal 

conductivity of PCM by 63.7% and eliminated the leakage issue above the PCM melting point. 

Experimental studies were conducted to develop an energy storage gypsum board by incorporating 

40 wt.% of FSPCM in the board. The physical, mechanical, and thermal properties of the FSPCM 

board were then studied, and the thermal and energy performance of the FSPCM board for use in 

buildings was assessed by experimental and numerical studies. The experimental test performed on 

small chambers in real environment conditions demonstrated that the use of FSPCM board in ceilings 

is economically feasible with cooling load savings of 16.2% and a payback period of 1.7 years. 
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An experimental study and a numerical investigation were conducted to investigate the feasibility 

of using the FSPCM board as a retrofitting solution to a model house in Sydney, Australia. FSPCM 

board with a melting temperature of 26 °C was installed in different locations, including the (i) walls, 

(ii) ceiling, and (iii) both walls and ceiling of the model house. The experimental results showed a 

reduction of up to 5.8 °C in the peak indoor air temperature and a shift of 71 min for the peak load to 

the off-peak period when the FSPCM board was used to retrofit the walls and ceiling. A simulation 

model was developed using EnergyPlus and validated by experimental test data. A parametric 

analysis was conducted to study the effect of the PCM’s melting temperature, board thickness, and 

natural ventilation on the thermal performance of the house. 

Furthermore, the effectiveness of the combined use of FSPCM board and thermal insulation in 

improving the energy efficiency of residential houses was investigated. Simulations were conducted 

to find out the optimised PCM melting temperature and FSPCM board thickness coupled with thermal 

insulation in three Australian cities (Darwin, Alice Springs, and Sydney). It was found that the 

combined use of FSPCM board with thermal insulation in building envelopes has great potential to 

improve the energy efficiency of houses while reducing/avoiding overheating. Depending on climate 

conditions, the optimum combination of FSPCM board and thermal insulation resulted in energy-

related life cycle savings of AU$39.7-167.0/m2 and an increase of 3.5-4.3 stars energy rating of the 

studied house. This also shows that the combined use of FSPCM board and thermal insulation in the 

life cycle can generate an annual carbon credit potential of AU$4.4-9.7 /m2 and the payback periods 

are 2.2-7.5 years for the renovation, depending on climate conditions. Finally, the design of the 

studied residential house in the Sydney climatic conditions was further optimised. The energy 

efficiency of the optimised house was then investigated, which further confirmed the benefits of the 

combined use of FSPCM board and thermal insulation. 
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Nomenclature 

Symbol Description 

∆𝑄 Latent heat storage [J/kg] 

∆𝐻𝑟 Heat of reaction [kj/mol] 

T Temperature [°C or K] 

𝑇𝑖 Temperature computed at time ti [°C or K] 

𝑇𝑓 Temperature computed at time tf  [°C or K] 

Q Sensible heat stored [J/kg.K] 

𝑚 Mass [kg] 

cp Specific heat capacity [J/kg.K] 

𝜌 Density [kg/m3] 

V Volume [m3] 

∆𝐻𝐹 Latent heat [J/kg] 

𝑇𝑚 Melting temperature [°C or K] 

Ts Solidifying temperature [°C or K] 

𝑎𝑚 Melt fusion [J/g] 

∆𝐻𝑚 Melting latent heat [J/kg] 

ΔHs Solidifying latent heat [J/kg] 

Β Mass fraction [%] 

Fc Crystallisation fraction [%] 

ΔT Degree of supercooling [°C] 

𝑞conv Convective heat flux [W/m2] 

ℎnatural Convection heat transfer coefficient [W/m2·K] 

𝑈𝑖 Heat transfer coefficient [W/m2·K] 

𝐴𝑖 Area of the ith element [m2] 

𝑄Ref Energy consumptions of the reference chamber [kWh] 

𝑄FSPCM Energy consumptions of the FSPCM chamber [kWh] 

I Interest rate  [%] 

Φ Inflation rate [%] 

N Life-time [year] 
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𝐶Ref Annual cooling costs of the reference chamber [$] 

𝐶FSPCM Annual cooling costs of the FSPCM chamber [$] 

𝐶e Cost of electricity [$] 

 Factor 

𝑡𝑝 Indoor peak temperature [°C] 

𝑡0 Indoor minimum temperature [°C] 

H Enthalpy [J / kg] 

K Thermal conductivity [W/m·K] 

Δt Time step  

Δx Finite difference layer thickness 

 𝐶𝑖 Initial cost [$/m3] 

𝜒 Material volume [m3] 

𝐶E Energy cost [$] 

𝐶T Total cost [$] 

P Period over which the integration is performed  

𝑇op(𝜏) Indoor operative temperature [°C] 

𝑇over Upper limit of comfort temperature [°C] 

tb FSPCM board thickness [mm] 

tEPS EPS insulation thickness [mm] 

Esavings Energy savings [%] 

CO2 Carbon dioxide 


CO2

 CO2 savings [kg/m2] 

R Resistance [m2.K/W] 

Tset Set point temperature [°C] 
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CHAPTER 1 

 Introduction 

1.1. General 

This first chapter presents the background and motivation relevant to this research and identifies 

latent heat thermal energy storage (TES) potential value using phase change material (PCM). An 

overview is given of the research aim and objectives, and finally a short summary of the thesis 

structure is also presented.  

1.2. Research background 

With an ever-expanding global economy and growing population, the rise in energy consumption 

derived from non-renewable resources has led to a significant environmental crisis. Nowadays, 

refined fossil fuels (i.e., petroleum, natural gas, and coal) are an overriding energy source contributing 

to intensive environmental pollution and global warming. Buildings today account for ~40% of the 

world’s energy use and related CO2 emissions, making it crucial to decrease energy use in houses to 

reach national energy efficiency performance and environmental hurdles [1, 2]. The major area of 

energy use in buildings is space conditioning — heating and cooling demands in developed countries 

account for more than 50% [3]. In Australia, electricity contributes 45% of total residential energy 

and is responsible for 83% of CO2 emissions because of the dominant high greenhouse intensity coal-

fired electricity production [4]. The solar heat gain from outdoor environments is one of the foremost 

issues that impact the energy used for heating and cooling. This energy results from outdoor ambient 

heat flow into indoor spaces through the building envelope – the boundary between the conditioned 

interior of the building and the outdoors – which directly increases buildings' overall energy 

consumption. Building envelope with improved thermal performance plays a predominant role in 

limiting outdoor heat from entering the building, so that the indoor temperature can be kept as close 

as possible to a comfortable temperature. Hence, improving the thermal performance of building 
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envelopes can potentially save energy in the building sector [5, 6]. To ensure large scale energy 

conservation and simultaneously to use renewable energy in an optimum method, the development 

of integrated, smart technologies for building envelopes is needed. 

In the past, many efforts have been made to develop different technologies to improve the energy 

performance of houses by cutting energy demand for both heating and cooling [7]. Using insulation 

materials is the most common way to improve energy efficiency. Insulation materials with high 

thermal resistance can reduce heat gain or loss through the envelope, such as ceiling and walls. It is 

reported that if a home is insulated based on the Australian Standard AS 2627 [8], heat loss through 

the ceiling and walls can be reduced by 30-40% and 20-30%, respectively [9]. However, the use of 

conventional insulation, such as expanded polystyrene (EPS) or mineral wools, in low-energy 

buildings is not always the most cost-effective solution to achieve the best energy performance [10]. 

This is because a highly insulated and air-tight envelope may lead to overheating in summer, which 

increases cooling energy demand and thus induces extra costs for occupants in passively designed 

houses [11]. To cope with this issue, TES is a useful technique for integrating building envelopes to 

improve buildings' energy efficiency [6, 12]. The potential of TES implementation in construction is 

to recycle excess energy as a peak load shifting approach or minimize the energy gap between demand 

and supply. This, in turn, also decreases the environmental problems related to energy consumption. 

Among the various techniques studied, dynamic thermal masses such as phase change material 

(PCM) can be seen as a promising technique to attain massive TES capacity in buildings [12]. PCM 

is intended to store a substantial amount of thermal energy in the form of latent heat at a fixed 

temperature point during their phase change process [13].  The major advantage of using PCM is 

substantially boosting TES capacity without adding much to a building’s mass. This is due to the 

intrinsic properties of PCM, such as high volumetric heat capacity, low temperature variation, and 

small volume variation during the phase transition process [14, 15]. PCMs absorb unwanted heat in 

the daytime and release it back to the buildings in night. Therefore, they can decrease the frequency 

of indoor temperature swings and cut down related peak cooling or heating loads [16, 17]. This idea, 
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marked with the increase of energy efficiency in buildings utilising PCM in passive manners, has 

directed researchers in recent years to develop composite materials and make use of them in building 

envelopes [17-19].  

1.3. Research motivation 

The motivation of this research is to decrease the variations of the temperature inside building 

spaces to get comfortable living environments for the occupants. PCM use in different parts of the 

houses, such as walls and ceilings, has received much attention in building thermal energy 

management. Many researchers have tried different types of PCMs in building envelopes for this 

purpose [17-19]. At the same time, combining PCM with cementitious materials such as cement 

mortar and concrete holds great potential for their use in building envelopes [20]. However, these 

PCM-enhanced materials are more suitable for constructing new buildings than retrofitting existing 

buildings [21]. Unlike concrete and mortar, gypsum board is widely accepted as an internal finishing 

material in walls or ceilings for such purposes. Gypsum board-based TES systems fabricated by 

incorporating PCMs have documented high cost-effective energy storage and saving potential in 

houses. 

Unfortunately, the low thermal conductivity and instability or leakage of PCM with a gypsum 

matrix adversely affects the developed PCM-enhanced gypsum board's mechanical and thermal 

performance, limiting their practical application in buildings [22]. Therefore, it is crucial to 

incorporate PCM into the gypsum board without the risk of leakage. The issues above are foreseen 

to be addressed with wrapping technology, such as encapsulation or shape stabilisation, to develop 

form-stable composite PCM either in a liquid or solid-state [23]. The arduous PCM encapsulation 

process with polymer or inorganic materials not only habitually upsurges the synthesis cost but also 

affects thermal instability and significantly decreases the structural strength of the construction 

material [15]. The ‘Achilles heel’ of encapsulated PCMs issues entail a policy change to fabricate 

form-stable composite PCMs (FSPCMs) by incorporating porous structure materials. Nevertheless, 

including a rock-solid matrix of porous insets decreases the operative volume of the PCMs for latent 
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heat storage and acts as a fence for the fluid current movement for natural convection. Thus, there is 

a limit to the quantity of porous inset which can be used for a specific application to evade PCM 

volume reduction and lower natural convection heat transfer performance. The use of open-pore types 

of highly absorbent material can confirm the small volume reduction of PCM. Several studies have 

also reported the thermal enhancement of PCM only inside a porous medium [24, 25]. For instance, 

Zhao et al. [24] reported that a porous medium improves the melting and solidification process. In 

another study, Lafdi et al. [25] observed that porous materials with lower porosity promote the 

conduction mechanism while higher porosity assists the convection mechanism. Therefore, porous 

supporting materials' porosity and pore size significantly influence the phase change process, thereby 

affecting the efficiency of such FSPCM in thermal management applications. 

Among the various porous materials [26], diatomite is more favourable as a supporting material 

to prepare FSPCM because of its highly porous (80-90%) three-dimensional structure and unique 

pore size distribution of mesopores to open macropores, which significantly improve the heat transfer 

behaviour (heat storage/release rates) of PCMs in TES materials for thermal management applications 

[22]. Diatom’s skeletons are honeycomb silica structures that give useful characteristics of high 

surface area and the resulting ability to absorb and retain up to 2-3 times their weight in liquids. 

Recent studies on the enhancement of mechanical properties of the composite have focused on the 

use of diatomite as a filler [27-30]. Considering the issues above, this study has focused on developing 

FSPCMs by using diatomite as a supporting material. Moreover, experimental studies on energy 

efficiency improvement in houses applied with an FSPCM integrated gypsum board (FSPCM board) 

also help determine PCM's actual effects in places, rarely detailed in the open literature. Hence, a 

methodical experimental investigation is vital to overwhelm the issues discussed above to 

successfully use the resultant FSPCM board in houses. 

Dynamic thermal simulations (DTS) would help assess the impacts of PCM and its thermo-

physical properties on the thermal behaviour and compute the expected energy consumption of a 

house following different boundary conditions Though various criteria exist for assessing PCMs’ 
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thermal performance in places, proper guidelines to optimise the energy efficiency performance of 

houses incorporated with the FSPCM board are still lacking [12, 13]. The issues mentioned above 

have been addressed by developing a novel FSPCM board that involves a novel FSPCM incorporated 

into the gypsum board. The present study uses experimental and numerical investigations on the new 

FSPCM and the so-called FSPCM board. Besides this, the house's existing conditions regarding its 

thermal behaviour and energy demand are analysed to predict the corresponding results of a 

parametric study by installing an FSPCM board with thermal insulation material. By simulating 

various scenarios of solutions using DTS, the energy efficiency of the houses will be optimised. 

1.4. Research questions 

The research questions are as follows: 

• What is the most appropriate technique to integrate PCM into building materials such as 

gypsum board while preventing PCM instability and improving thermal performance?  

• What is the proposed use of FSPCM-enhanced gypsum board (FSPCM board) in houses? 

What is the efficiency of the developed FSPCM board in improving houses' thermal 

performance?  

• What are the benefits of using FSPCM board combined with thermal insulation to improve 

the energy performance of houses? 

• What are different design variables and construction parameters that need to be optimised for 

a high energy-efficient house?  

1.5. Aim and objectives 

Based on the above research questions, this study aims to evaluate the feasibility of incorporating 

diatomite-based FSPCM into gypsum boards for employment in buildings to enhance TES capacity 

and promote energy efficiency. The objectives of this study are as follows:  
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• Develop a novel form-stable PCM composite by containing PCM in porous diatomite material 

and evaluating structural and thermal performances to check its suitability for TES application 

in buildings.  

• Evaluate the feasibility of incorporating FSPCM into gypsum board and preventing PCM 

leakage by developing new diatomite-based FSPCM that are more stable.  

• Examine the thermal-physical and mechanical performance of FSPCM integrated gypsum-

based building material (FSPCM board). 

• Investigate the thermal performance of a small-scale test chamber and house model prepared 

with FSPCM board to reduce temperature fluctuations through experimental study. Assess the 

energy performance of the FSPCM board in buildings by conducting a parametric study 

through a numerical model and then assessing their application's economic feasibility in 

building envelopes. 

• Assess the benefits of using an FSPCM board with insulation materials to improve the energy 

rating of a typical standalone house in Australia through life-cycle cost analysis and optimise 

the energy efficiency performance by conducting parametric study. 

1.6. Thesis outline 

This thesis consists of eight chapters. The first two chapters are the introduction and literature 

review. The third chapter is devoted to the development of FSPCM and extensive experimental tests 

for TES applications. The fourth and fifth chapters are then devoted to experimental and numerical 

studies on the improvement of energy efficiency in houses applied with developed FSPCM-integrated 

gypsum board (FSPCM board). The sixth and seventh chapters check the potential benefits of the 

combined use of FSPCM board and thermal insulation in improving the energy efficiency of 

buildings. Finally, the conclusion and recommendations are compiled in chapter eight. 

The detailed outlines of each chapter of this thesis are as follows:  
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Chapter 1 contains the introduction of this thesis. This chapter gives an overview of the background 

of the present research work, research motivation, research questions, research aim and objectives 

and the thesis's outline. 

Chapter 2 provides a comprehensive literature review on the published works related to this research 

work. The TES systems, different types of PCM, encapsulation techniques, and dynamic thermal 

simulation models will all be discussed. Recent studies on PCM integrated building components are 

reviewed, highlighting their potential benefits in improving the building’s thermal behaviour and 

energy performance. Chapter 2 also summarises the existing literature, identifying the problem and 

current research gaps then argues the motivation behind the present research work. 

Chapter 3 is devoted to the development of a novel FSPCM by containing PCM (methyl stearate) in 

porous diatomite material. Material characterisation techniques including morphological analysis, 

chemical compatibility, thermal conductivity, thermal properties and thermal stability are carried out 

to check their feasibility for integration into building materials such as gypsum board. The leakage 

of the developed FSPCM is observed. Finally, the thermal performance (heat storage/release) of the 

FSPCM is evaluated. 

Chapter 4 presents the thermal reliability (leakage) of gypsum board integrated with 40 wt% of 

FSPCM. The performance of the FSPCM-enhanced gypsum board for cooling load reduction in 

summer in real environmental conditions is investigated. A small-scale test chamber with an FSPCM-

integrated gypsum board ceiling is prepared and modelled to study the thermal/energy performance. 

Through life cycle cost analysis an economic benefit of using the FSPCM-integrated gypsum board 

(FSPCM board) is also evaluated in this chapter. 

Chapter 5 presents an experimental and numerical study of the thermal performance of the FSPCM 

board with PCM’s melting point of 26 °C that can be used in the inner surface of the walls and ceiling 

in a small model house. A simulation model based on EnergyPlus is developed and verified by the 

experimental test results. This model is then used to conduct a parametric analysis to further study 
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the influence of PCM melting temperatures, FSPCM board thickness, and natural ventilation on the 

energy performance of the model house. To further understand the potential economic benefits of 

using the FSPCM board in each case an economic evaluation through life cycle cost analysis is also 

performed.  

Chapter 6 conducts a numerical study to assess the performance of the combined use of FSPCM board 

and thermal insulation in improving the energy efficiency of a real residential house in Australia. 

Simulations are conducted to find out the optimised PCM melting temperature and FSPCM board 

thickness coupled with thermal insulation in three Australian cities (Darwin, Alice Springs, and 

Sydney). The influence of occupancy profile on house star rating is assessed.  Finally, an economic 

and environmental feasibility analysis is also conducted in this chapter.  

As an extended study of Chapter 6, comprehensive research is conducted in Chapter 7 to optimise the 

design of the studied residential house in Sydney’s climatic conditions.  The energy efficiency of the 

optimised house is then investigated, which further confirms the benefits of the combined use of 

FSPCM board and thermal insulation. 

Finally, the conclusions of this research work are presented in Chapter 8 followed by future 

recommendations. 
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CHAPTER 2 

Literature review 

2.1. Overview 
 

Building occupants are concerned with the heat flow through building envelopes. The indoor air 

temperature is highly related to the material properties of the building envelope, such as thermal 

resistance and heat capacity. Hence, an energy-efficient building envelope is crucial to ensure 

occupants' thermal comfort with a minimum system energy use for heating and cooling.  In this 

regard, the thermal energy storage (TES) in the building's envelope is the main factor in achieving a 

high energy efficiency building, and PCMs could play a significant role in this field. The integration 

of PCMs provides large heat storage capacity, storing more thermal energy in the building’s envelope 

and thus reducing the necessary energy production to achieve the energy balance. Thermal energy is 

generally stored in the building envelope by the sensible heat of the materials. Contrary to sensible 

heat storage, PCM enhanced building envelopes store heat in the form of latent heat, which provides 

a high heat capacity where more energy may be stored in the building's envelope at a narrow 

temperature range compared to sensible traditional materials. Therefore, the integration of PCM into 

construction materials is an initial step that requires to be considered. 

Gypsum board is the most widely used material in building envelopes as an internal furnishing 

material, and hence has great potential to integrate PCM. However, it is essential to note that 

incorporating PCM into gypsum board should not be prejudicial to the developed composite 

material's durability and mechanical performance. An encapsulation technique relating to PCM 

retention into porous supporting materials such as diatomite, named as form stable PCM (FSPCM), 

can be one of the practical integration techniques of PCM into gypsum board. This is due to their 

intrinsic properties of stabilising the shape of PCM in the melting or cooling process and improving 

the heat transfer behaviour (heat storage/release rates) of PCM in TES materials. This chapter presents 
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Fig. 2.2. Heat storage process with chemical reaction. 

As mentioned earlier, the dissociation and reverse reactions are crucial for thermochemical 

energy storage, and some conditions must therefore be fulfilled in order for a reaction to be useful for 

heat storage [33]. 

• The heat of the chemical reaction should be relatively high, which does not generally occur 

when all the reaction components are liquid or solid. 

• The products of the reaction must be storable. 

• The reaction must be reversible.  

As for latent heat storage, the heat stored by chemical reactions can be expressed in Eq. 2.1:  

∆𝑄 = ∆𝐻𝑟      (2.1) 

where ∆𝐻𝑟 is the heat of reaction associated to the chemical system. 

2.2.2. Sensible heat storage 

Heat absorbed by raising the temperature of a material is stored as sensible heat. The sensible 

heat storage (SHS) technique uses specific heat and disparity in temperature through charging and 

discharging steps without phase change. The stored heat energy is directly proportional to the 

temperature, as shown in Fig. 2.3. 

 

 

 





13 
 

2.2.3. Latent heat storage 

In the LHS system, the material stores heat energy during phase change. There are several ways 

that the phase change can take place; however, the expected transition is the solid-liquid transition. 

The solid-solid transition is the second choice while liquid-gas transition is impractical. The key 

feature of the LHS system is that the temperature of the material remains constant even though heat 

is absorbed or released by the phase transition process as shown in Fig. 2.4.  

 

Fig. 2.4. Energy as a function of temperature,  ∆𝐻𝐹 is the latent heat, 𝑇𝑀 is the melting temperature. 

The solid-solid transition provides greater flexibility in design and has less stringent container 

requirements [31]. However, the capacity of latent heat storage in this type of phase change is much 

lower compared to that of solid-liquid transitions, which restricts its widespread use.  Moreover, solid-

liquid transitions are an economically appealing choice for use in TES systems. The heat energy (Q) 

stored in LHS systems is given by the Eq. 2.3 [34]:  

𝑄 = ∫ 𝑚. 𝐶𝑝𝑑𝑇
𝑇𝑚

𝑇𝑖
+ 𝑚𝑎𝑚∆𝐻𝑚 + ∫ 𝑚. 𝐶𝑝𝑑𝑇

𝑇𝑓

𝑇𝑚
   (2.3) 

where 𝑎𝑚 is the melt fraction and ∆𝐻𝑚 is the melting latent heat, in J/kg. Since the melting occurs at 

a constant temperature, the stored thermal energy can only be determined from enthalpy difference 

between the solid and liquid states. The heat storage capacity mainly depends on the material’s latent 

heat and specific heat, and thus, it is desirable to have higher values for these parameters [35]. 
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Materials used in LHS are known as PCM. The following three components are crucial for any LHS 

system [36]. 

• The melting temperature of PCM should be in the expected range, 

• A compatible container/encapsulation for the PCM, and   

• An applicable heat exchange surface. 

However, for building applications, there are some additional criteria, listed in Table 2.2, that 

have to be fulfilled by the PCM related to the thermophysical, kinetic, chemical, economic and 

ecological properties. 

Table 2.2 Preferable properties of PCM [37, 38]. 

 Thermal properties - Phase transition temperature within the range suitable to the 

application 

 - High latent heat per unit volume 

 - High specific heat to supply extra energy in the form of sensible heat 

 - High thermal conductivity to increase the charge/discharge rates 

  Physical properties - Small volume changes on phase change and low vapor pressure at 

operating temperature to minimise the containment difficulty 

 - Favourable phase equilibrium 

 - High density and congruent melting 

 Kinetic properties - High nucleation rate (to prevent supercooling)  

 - High crystal growth rate (to fulfill the needs of heat recovery from 

the storage system) 

 Chemical properties - Chemical stability 

- Exclusively reversible melting/freezing process 

 - No chemical degradation after a number of melt/freeze cycles 

 - Chemically compatible with building materials 

 - Corrosion resistant to construction materials 

 - Nontoxic, nonflammable and nonexplosive to assure safety 

Economic and 

usability 

- Large-scale availabilities with low cost 

- Good overall environmental parameters and non-polluting during 

service life 

- Easily recyclable 
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2.2.4. Comparison of TES technologies 

A comparison among three available TES systems involving different technical aspects is 

presented in Table 2.3. As can be seen, latent TES is applicable for greater temperature range 

compared to its counterparts. It is also evident that despite having the highest heat storage density, 

thermochemical TES has not yet been tested for practical implementation. In addition, safety concerns 

for thermochemical TES are much higher compared to latent TES though the two have a similar 

efficiency output.  

Table 2.3 Comparison between sensible, latent and thermochemical system [39]. 

Category Sensible TES Latent TES Thermochemical 

TES 

Temperature (˚C) 0−1200 −100−1000 180−2500 

Power (kW) 1−10000 1−1000 10−1000 

Efficiency (%) 50−90 75−90 75−100 

Capacity (kWh/t) 10−50 50−150 120−250 

Storage density (kWh/m3) 50 100 500 

Storage period Limited  Limited  Unlimited  
Technology status Industrial scale Pilot scale Laboratory scale 

Safety issues No Depends on materials used, 

but usually limited 

Higher concern 

Technical complexity Low Medium High 

Environmental impact Negligible Negligible Negligible 

Corrosion issue Mild Medium-high High 

Flexibility (regulation, 

partial charge/discharge 

etc.) 

High Medium Low 

Sensible storage is commercially available on a large scale due to its easy construction features. 

However, the low energy density and short-term storage limit its applicability. Latent heat storage 

with PCM provides a higher energy density. The application of PCMs is often limited by their low 

thermal conductivity and degradation over cycling. Thermochemical heat storage (THS) offers a 

much higher energy density and being able to store for a long period of time without degradation. 

THS is able to provide efficient intersessional storage without significant heat loss. However, the 

complex arrangement of the system has caused its application to be restricted mostly to laboratory 

scales. There are several issues such as uncertainty about the reliability, system lifetime, safety 

concerns, potential toxicity, a relatively high cost and recyclability that have to be tackled in order to 

make this technology more practical. LHS with PCMs is, therefore, the most promising approach 
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2.3.1. Organic PCM 

Organic PCMs are classified into two categories: paraffin and non-paraffin. All these materials 

are both physically and chemically stable, and therefore the complexity associated with incorporating 

stabilisers or additives can be avoided. The most promising feature of organic PCM is the congruent 

phase transition, meaning no segregation or consequent degradation after multiple melting and 

freezing cycles. Other attractive features are minimal corrosiveness when coming in contact with 

metal and recycling potential. On the contrary, drawbacks include low thermal conductivity, greater 

volume expansion in the phase change process, low density, flammability, and a high cost [41, 42]. 

2.3.1.1. Paraffin 

Among organic PCMs, a significant category for storage of solar and low-grade waste heat is 

those of paraffin, a mixture of mostly straight chain n-alkanes (CnH2n+2) with n value ranging between 

20 and 40. They show a small change in volume on phase transition and have low vapor pressure in 

the form of melt state. Even though they are non-corrosive, non-toxic and melt congruently during 

phase transition, the application of paraffin is often limited by their high flammability nature (low 

ignition resistance) and low thermal conductivity (0.1-0.3 W/m.K). The melting point (operating 

temperature of a PCM) and latent heat can be increased with the chain length or creating mixtures of 

different hydrocarbons [31]. The availability across the board range of temperature and having high 

latent heat of fusion make paraffin suitable as a TES system for building applications. The lowest 

purity paraffin, however, may only be used as PCM in LHS systems with regard to the cost and 

expenses [43].  

2.3.1.2. Non-paraffin 

The non-paraffin organic PCMs consist of a broad range of fatty acids, esters, alcohols, and 

glycols which show considerably distinct properties.  

(a) Fatty acids: 

Fatty acids (i.e., carboxylic acids) are organic compounds with chemical formula 

CH3(CH2)2nCOOH, derived from animal or vegetable sources, which makes them biodegradable and 
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non-toxic. They have high latent heat close to that of paraffin’s and also show good stability during 

repetitive cycles with little or no supercooling effect. The main disadvantage however, is the cost, 

being 2-2.5 times higher than that of paraffin [44]. Besides, the corrosive nature of these materials is 

also limiting their application to some extent [44]. Above and beyond, they are more combustible 

than paraffin, and therefore exposure to high temperatures, fires or oxidising agents should be avoided 

[42, 45]. At large, the latent heat and phase change temperature of fatty acids can be increased with 

increasing the size of the carbon chain. The melting temperature of fatty acids is usually ≤70 °C and 

they are thus employed mostly for low-grade heat storage such as buildings [46, 47]. However, their 

use as TES materials mostly depends on their thermophysical properties such as specific heat, density 

and thermal conductivity.  

(b) Polyalcohols:  

Polyalcohols have been introduced as storage materials at moderate temperatures (90-200°C) for 

a long time since they have high storage density, are non-toxic, reasonably low cost and hold non-

corrosive properties [42]. Although some polyalcohol has volumetric latent energy storage capacity 

as much as twice that of other organic PCMs, the higher melting temperature restricts their use for 

building thermal storage applications. Beside this, some studies have reported a high degree of 

supercooling, which can seriously compromise their useful application for thermal storage [48]. 

Polyalcohol has various crystalline forms, each one with distinct features. This is a result of different 

preparation methods employed and additives used [49, 50]. 

(c) Esters: 

Esters are formulated from acids in which hydroxyl group (–OH) is substituted by the alkoxy 

group (R–O) of alcohol. The fatty acid esters are manufactured by direct esterification of fatty acids 

separated from vegetable oils (i.e., soybean, coconut, or palm oils) and fats that are environmentally 

friendly. These bio-based PCMs have the potential to absorb, store, and release enormous amounts 

of heat with no or insignificant supercooling. They are widely available at an affordable cost, possess 

excellent chemical stability and their surface tension is considerably high (27−32.1 mN/m)  [12]. The 
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melting temperature of fatty acid esters is usually lower than 60 °C, and having a high ignition 

resistance compared to other PCMs  they are therefore mainly employed for energy saving in 

buildings [51]. The bio-PCMs have good stability for several years and thousands of melting-freezing 

cycles without any oxidation risk since they are fully hydrogenated [51, 52].  

(d) Polymeric materials: 

Polymeric materials are long chain molecules formed by composing many repeated subunits. 

They provide the opportunity for creating conspicuous physical and chemical modifications, which 

assist the manufacture of specific end products with ‘tailor made’ thermal storage properties. Among 

polymers, two of the most commonly used are HDPE and polyethilenglycol [42, 50].  

Table 2.4 Comparison of organic, inorganic, and eutectic PCMs. 

Classification Advantages Disadvantages 

Organics  - Obtainability in a wide 

temperature range 

- Physical and chemical stability 

- Good thermal behaviour 

- Non-toxic and non-corrosive  

- Little or no super-cooling 

- No segregation 

- High enthalpies or latent heat 

- Self-nucleating properties  

- Adjustable transition zone 

- Low thermal conductivity (~ 

0.2 W/mK) 

- High volume change 

- Flammable 

- Volumetric heat storage 

capacity is low 

Inorganics - Higher energy storage density 

- Higher thermal conductivity (~ 

0.5 W/mK) 

- Economically competitive 

- Small volume change  

- Super-cooling 

- Phase segregation 

- Corrosion 

- Incongruent melting point 

Eutectics - Sharp melting points  

- High heat storage density per 

unit volume  

- No segregation during the phase 

transition 

- Minimal data is available on 

their thermos-physical 

properties for many 

combinations 

- Few fatty eutectics have a 

strong aroma, and thus they 

are inadvisable for use as 

PCM 
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2.3.2. Inorganic PCM 

Inorganic PCMs are mainly composed of salt hydrates, metals, and alloys or eutectic mixtures. 

They can have enthalpies per unit volume as much as two times higher than that of organic ones and 

cover a broader range of phase change temperatures. Other advantages are a high thermal 

conductivity, relatively low cost and non-flammability. These properties allow them to be used in 

numerous applications, expressly where corrosiveness is not a serious concern. The properties for 

organic, inorganic and eutectic PCMs are compared and listed in Table 2.4. 

2.3.2.1. Salt hydrates 

Salt hydrates are inorganic ionic compounds that absorb several water molecules to confine 

within their crystal lattice. The general formula of a hydrate is AxBy·n(H2O) where n is the number 

of water molecules. There is no actual liquid-solid transition occurring for this type of material. When 

heated, salt hydrates generally transform either to their anhydrous form or shape to a hydrated salt 

with some water molecules as shown in Eq. (2.4) and (2.5), respectively. 

Congruent dehydration: 

AxBy·nH2O = AxBy + nH2O    (2.4) 

or semi-congruent dehydration: 

AxBy·nH2O = AxBy·mH2O + (n-m) H2O   (2.5) 

The particular interest to employ salt hydrates as PCMs is due to their extraordinary latent heat 

of fusion, high thermal conductivity, low thermal expansion, non-toxicity, low corrosion rate and 

compatibility with plastics [53]. However, the behaviour of these types of PCMs during phase change 

is quite complicated and is affected by a wide range of factors. Salt hydrates can be categorised in 

three groups depending on their phase transition process: 

• Congruent: if the dehydrated salt is entirely soluble in its hydration water at melting 

temperature.  

• Incongruent: if the amount of hydration water is not sufficient to dissolve the salt crystals. 
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• Semi-congruent: if the liquid and solid phases are in equilibrium at different compositions 

due to transmutation of hydrate to a lower hydrated material through the loss of water 

[31]. 

Though a range of salt hydrates have prospective features to become effective PCMs, the 

incongruent or semi-congruent melting leads to segregation phenomena which results in degradation 

of the storage capacity. During these melting processes, the quantity of water liberated from the 

hydrated salt is not enough to dissolve the salt crystals, resulting in the solution becoming 

supersaturated and separating the solid salt. Because of the phase separation, recombination of solid 

salt with water is not possible in the reverse process of freezing/crystallisation. As a result, thermal 

effectiveness is lost in thermal cycling. 

Various approaches have been considered to solve the difficulties related to incongruent melting. 

For example, the inclusion of a gelling material into the salt leads to creating a 3D network to inhibit 

sedimentation of the salt. The presence of a congealing agent raises the salt hydrate viscosity and 

assists in holding its molecules together [54]. Another proposed solution is the incorporation of 

additional water to decrease the precipitation of solids, which gives satisfactory results in terms of 

material stability. However, this process raises the range of melting temperatures, and as a result, the 

melting latent heat decreases. In addition, salt hydrates experience a great extent of supercooling, 

which ultimately narrows down their possible application.   

2.3.2.2. Metallics 

This family involves low-temperature melting metals and metal alloys. Although metallic PCMs 

possess high melting latent heat per unit volume, their specific heat, vapor pressure and melting latent 

heat per unit mass are considerably low. They comprise a broad range of melting temperatures and 

manifest a sharper melt transition than organic PCMs. For instance, Caesium (Cs) melts at an ambient 

temperature (28.65 ˚C) whereas Magnesium (Mg) melts at a very high temperature (648 ˚C). Custom 

metal alloys can be developed to meet the desired melting points and latent heat for particular 

applications. Moreover, they are the only PCMs that exhibit very high thermal conductivities, with a 
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magnitude of several orders when compared to other PCM materials. Aluminium (Al) shows 

exceptional thermal conductivity of 237 W/m.K [55] while other metals such as caesium, gallium, 

indium, tin, bismuth and zinc exhibits very low thermal conductivities ranging between 8 to 40 

W/m.K [56]. Even though metallic PCMs previously were not considered to be useful for TES 

applications because of their weight disadvantages and fairly high melting temperatures, development 

of nanomaterials paves the way for their use in TES systems.  

2.3.3. Eutectics 

Eutectic PCM is a blend of two or more different components which form a minimum melting 

composition compared to its primary agents. These compositions are mainly binary and ternary 

mixtures of inorganic salts, salt hydrates and alkalis.  The main advantage of eutectic compounds is 

that they invariably melt and freeze without segregation since during freezing they form a mixture of 

crystals. The components liquefy together in the melting process which also inhibits segregation. The 

primary limiting issue of these types of PCMs is their non-uniform augmentation in volume which 

could be damaging for the container and the internal structure. The fundamental needs for eutectic 

PCMs are (i) a stable solution (no segregation or degradation), (ii) no or less super-cooling and (iii) 

close melting and solidifying points for all compounds of the eutectic composition. Fatty acids and 

fatty-acid ester compositions are favourable eutectic PCMs for building applications. Their major 

benefits over other PCMs are superior latent heat, long-term durability and high surface tension that 

allows them to successfully impregnate into porous supporting mediums.  

2.4. Methods of PCM integration into construction materials  

PCM has been considered for the storage of thermal energy in buildings since 1980. Thermal 

energy storage can be achieved by implementing PCM in various building components. Once a 

suitable PCM has been selected for building applications, the next step is to explore how it could be 

integrated into the construction materials. This can be achieved by direct incorporation (immersion 

and direct impregnation) and indirect incorporation (encapsulation, shape-stabilisation and form-

stable composite PCM) methods [26, 57].  
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2.4.1. Direct incorporation methods 

2.4.1.1. Direct impregnation method 

This is the simplest way in which liquid or solid PCM powders are directly incorporated into the 

building materials including cement, gypsum, mortar and concrete during construction. For effective 

inclusion of PCM into building materials, it should not (i) affect the paste-aggregate bond [58], (ii) 

interfere with the hydration process and hydration products [58], or (iii) impact on strength and 

durability.  However, possible leakage phenomenon of PCM in direct mixing has been one of the 

major concerns [59] which may interfere with the hydration products and deteriorate the durability 

and strength of the structure. Therefore, the direct incorporation method cannot be adopted for 

building applications.  

2.4.1.2. Immersion    

In this method, building materials (plater boards, bricks and concrete slabs, etc.) are immersed 

into molten PCM which allows these construction materials to absorb the PCM by capillary action. 

Although the immersion technique can avoid some of the issues that appear in the direct incorporation 

method, the leakage of liquid PCM is highly likely, particularly after repeated thermal cycles [19, 

20]. For example, a significant reduction in mechanical properties has been reported when PCM in 

powder or liquid form is directly added to the construction materials, such as concrete [60, 61]. The 

mechanical properties and durability of construction materials can also be affected by the interaction 

between the leaked PCM and cement mortars [62]. To eliminate the above discussed issues, wrapping 

technologies such as encapsulation or shape-stabilisation are employed to develop a form-stable 

composite PCM (FSPCM) either in a liquid or solid state. This technology has been studied 

extensively in recent years [26, 63]. 

2.4.2. Indirect incorporation methods  

Through this method, the PCM is encapsulated prior to its inclusion in building materials. 

Encapsulation can be defined as a process, in which the PCM (solid particle/liquid droplets) is 

wrapped by a protective layer that can provide a physical barrier between the PCM and surroundings 
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In general, there are three methods of PCM encapsulation depending on their particle size: 

(a) Macro encapsulation,  

(b) Micro encapsulation, and 

(c) Nano encapsulation.  

(a). Macro-encapsulation  

Macro-encapsulation of PCM involves packing a large amount of PCM (up to several litres) in 

any type of container (˃1 mm), those including spheres, tubes, pouches, and panels which can be 

integrated into construction materials which would act as heat exchangers shown in Fig. 2.7 [70, 71]. 

The encapsulation thickness can significantly influence the melting and freezing process of the PCM. 

A thick capsule may detain the PCM solidification when contrasted with a thin capsule, thereby 

foiling the effective heat transfer [72]. Therefore, optimum encapsulation thickness has to be 

determined for effective heat transfer together with thermal stability and corrosion resistance. 

 

Fig. 2.7. PCM macroencapsulation, (a) polyolefin spherical capsules, (b) PCM in PVC flat panel, (c) 

metal ball capsules, (d) PCM tube encapsulation, (e) PCM in aluminium pouches, and (f) PCM in 

aluminium panels. 
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(b). Microencapsulation 

Microencapsulation is a process in which PCM particles (solid or liquid) are enclosed or layered 

with a thin and solid shell of polymeric material (Fig. 2.6a) to produce a capsule size within a range 

between 1– 1000 µm. A PCM having phase transition temperatures ranging from -10 to 80 ˚C can be 

manufactured with this method [73]. Although most of the microcapsules are spherical, the 

fabrication method and composition of shell material mainly influence the appearance of the 

microcapsules. Based on the mechanism of micro-particle creation, the microencapsulation approach 

can be divided into three different classes: (i) chemical, (ii) physico-chemical and (iii) physico-

mechanical processes [74]. Each production technique has some advantages depending on the 

intended characteristics of microcapsules. These comprise the microcapsule's shape and size, the 

thickness of the shell and their mechanical properties. The different techniques used for 

microencapsulation and their properties are shown in Table 2.5. 

Table 2.5 The microencapsulation techniques and their advantages and disadvantages. 

Methodology Techniques Advantages Disadvantages 

Chemical Suspension polarisation Reaction heat can be 

controlled  

Limited monomers can 

be dissolved in water.  

Size ~2 to 4000 µm [75] 

 Dispersion polarisation Formation of 

monodisperse polymer 

particles in the range of 

micron size by a single 

step process 

− 

 Emulsion polarisation High molecular weight 

polymer fast 

Refine polymer from the 

Surfactant 

 In situ polarisation Uniform particle covering Enormously complex 

process 

Size range 1 to 2000 µm 

 Interfacial polarisation Simple procedure and 

lower emphasis on the 

purity of monomer  

The high cost of polymer 

monomer, time-

consuming  

Size 2–2000 µm 

Physico-

chemical 

Coacervation and phase 

separation 

 Allows control of the 

particle size and layer 

thickness 

Versatile 

 

Agglomeration of 

particles 

 

 

Difficult to scale up 

 Sol–gel encapsulation 

 

High thermal conductive 

inorganic shell  

Under development 
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 Supercritical CO2-

assisted 

The low critical 

temperature value 

Cost effective process 

Until now under research  

Physico-

mechanical 

Spray-drying Easy and low-cost 

commercial process  

Versatile 

 

Low encapsulation 

efficiency and 

accumulation of 

particles 

 Electrostatic 

encapsulation 

Spherical microbeads Only for <50 μm 

 Single step method  Easy to scale-up  

Self-stabilisation 
− 

The core/shell technique is essential for the formation of microcapsules. The core holds the active 

material, and the shell safeguards the core. Depending on the core material and deposition process of 

shell material, the microcapsules are divided into four categories (Fig. 2.6b): 

1. Mononuclear (core/shell):  only one core covered by a continuous shell. 

2. Polynuclear: several cores enclosed within a continuous shell. 

3. Matrix: core materials are uniformly distributed into a continuous shell. 

4. Multi-wall: a multilayered shell covers the core material. 

It is important to note that particle size substantially influences the stability of PCM capsules. 

PCM microcapsules can easily be broken in the fluid flow process, which would increase the fluid 

viscosity that confine their final application. The structural stability of PCM microcapsules is needed 

for thermal storage. The volume shrinkage/expansion of the core material (~10%) during the thermal 

cycling process damages the capsule wall from the inside. The correlation between structural stability 

and particle size was reported by Yamagishi et al. [76], as shown in Fig. 2.8. The slurry containing 

PCM microcapsule particles (20 vol%) in water was circulated by a pump. The results showed that 

the PCM microcapsule particles within the size range of 1000–1500 µm were broken (~90%) very 

quickly. The damage rate was reduced by 40% when the size range was within 75–300 µm. In 

addition, this level of breaking was observed after 500 times more circulation cycles compared to the 

previous case. The microcapsules of 20–100 µm particle size was broken ~10% of the time while 5–

10 µm particles were almost entirely unbroken (structurally stable) for pump circulation cycles higher 
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formulate the nanoencapsulated PCM under two conditions: (i) free, and (ii) constrained shell as 

shown in Fig. 2.9.   

 

Fig. 2.9. The typical structures of encapsulated PCM. 

It was revealed that the mobility and interaction of the n-octadecane molecules were restrained 

with the SiO2 shell. The encapsulated PCM with restrained shell reduced the self-diffusion coefficient. 

The heat transfers of the whole capsule were increased by reducing the thermal interaction resistance 

of different capsules when the shell was free.   

The most often used techniques for the formulation of PCM nanoencapsulation are interfacial 

polymerisation, in situ polymerisation, emulsion/miniemulsion polymerisation, and sol–gel. Among 

them, the interfacial and in situ polymerisation methods are simple and more reliable processes in 

which a polymer shell is shaped at the oil/water interface rather than within emulsion droplets. In situ 

polymerisation contains monomers in single emulsion phase while both phases of monomers exist in 

interfacial polymerisation. Although interfacial polymerisation has the advantage of controlling the 

PCM capsule size and the thickness of the polymer shell layer, only a few studies focus on this method 

for the synthesis of PCM capsules at nanoscale. The fabrication of nanocapsules via the in-situ 

polymerisation method has favourable morphological features and thermal properties. However, 

further study is required to not only make the procedure simpler, but also minimise manufacturing 

costs. The miniemulsion polymerisation technique is a single step, cheap, stable and eco-friendly 

method for the formation of nanocapsules with appropriate particle sizes by controlling the stabiliser 
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dosage. In this method, the principle of small nanoreactors is followed as demonstrated in Fig. 2.10. 

At the first step, small stable droplets, 30-500 nm, are shaped in the miniemulsification process which 

is polarised with keeping their originality in the second step.  

 

Fig. 2.10. The principle of miniemulsion polymerisation. 

Several studies have reported that the most successful technique for the formulation of PCM 

nanocapsules with an improved thermal characteristic is the reaction of miniemulsion polymerisation 

[78, 79]. During the PCM nanoencapsulation process prompted by this technique, the required system 

higher stability and polymerisation rate can easily be met [80].  However, the additional 

miniemulsification operation process is time consuming, which limits the application of this 

technology on a commercial scale.  There are some other issues with this technology such as the 

requirement of highly viscous organic phases and additional energy being needed for the attainment 

of a small droplet size and their homogenisation. Although nanocapsulated PCMs have a higher heat 

storage capacity, the higher degree of supercooling in the phase transition process restricts their 

employment in TES systems [81]. Therefore, future research may focus on how to reduce the degree 

of super-cooling by improving their heat transfer ability. In addition, study of fabrication of PCM 

nanocapsules with higher encapsulation efficiency and more homogeneous particle size distribution 
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can be conducted. At the same time, the manufacturing cost should be taken into consideration to 

determine the feasibility. 

2.4.2.2. Shape-stabilised PCM  

Shape stabilised PCM (SSPCM) is a composite material in which PCM and another phase of 

carrier matrix such as low-density polyethylene styrene (LDPE), high-density polyethylene (HDPE), 

styrene-butadiene-styrene (SBS), or polypropylene (PP) are mixed together at their melted states. The 

subsequent cooling allows the carrier matrix to solidify and encapsulate the PCM. A microscopic 

image of the shape-stabilised paraffin is shown in Fig. 2.11, an example in which HDPE was used as 

supporting material. As can be seen, the paraffin (black element) was homogenously disseminated 

into the netted texture of HDPE (white element), and this net-like crystal structure of HDPE is capable 

of stopping the seepage of molten PCM during the heat storage process [82]. The SSPCM has the 

advantages of (i) high apparent specific heat, (ii) good thermal reliability, (iii) suitable thermal 

conductivity, (iv) no need for containers and (v) the mass portion of PCM can be as high as 80%. 

.  

Fig. 2.11. Micrograph of shape-stabilised paraffin [82]. 

Many studies on thermal storage systems using SSPCM have been reported in recent years [83]. 

Zhang et al. [84], for instance, studied the thermal performance of SSPCM which consisted of paraffin 

and HDPE (Fig. 2.12), and reported that the technique simplified the TES system as it could directly 

encapsulate the traditional PCM without a container. In another study, Zhou et al. [85] analysed the 

thermal effect of SSPCM plates, used as inner facings, on the indoor air temperature of a south facing 
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direct gain room in Beijing, China in winter via an enthalpy model. They considered various effecting 

factors and the results documented that the SSPCM plates were beneficial in direct gain passive solar 

buildings. Although this technique can improve the thermal conductivity of PCM, the value is quite 

low and insufficient for any potential application in a building’s thermal management system. Thus, 

further research is required on how the thermal conductivity can be improved. In addition, 

investigation on how they react in the hydration process with cement-based materials has yet to be 

performed. 

    

Fig. 2.12. Shape-stabilised PCM: (a) image of the PCM plate, and (b) SEM micrograph. 

2.4.2.3. Form-stable composite PCM    

In recent years, FSPCM has been tested for energy storage and thermal management systems.  In 

this technique, liquid PCM is confined in porous supporting materials to form a FSPCM.   In the case 

of FSPCM, the carrier substance does not need to be molten. The liquid PCM is retained in the pores 

of porous materials by surface tension and capillary action which not only stabilises the shape of the 

PCM but also eliminates the leakage problem during phase transition. A micrograph of form-stable 

lauric acid (LA) is shown in Fig. 2.13, where porous diatomite is used as supporting material. In the 

micrograph of porous diatomite (Fig. 2.13a), there are various gully and tunnel-like veins signifying 

the surface inhomogeneity and the existence of many areas which would be filled by LA (Fig. 2.13b). 

To improve the TES performance, it is important that the direct heat exchange between PCM and its 

supporting substance occurs. From this perspective, the highly porous granular phase change 

(a) (b) 
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composites are appealing materials since they facilitate rapid heat transfer, are non-corrosive and 

have a high thermal storage density. 

 

Fig. 2.13. SEM micrographs of (a) diatomite, and (b) form-stable of LA/diatomite composite PCM. 

FSPCM can be fabricated by simple immersion and vacuum impregnation techniques. The PCM 

retaining ability of the supporting material can be enriched by a vacuum impregnation system. The 

FSPCM process is simple and can be adopted for large scale industrial level production. It has been 

reported that the thermal conductivity and pore structure of carrier substances have a substantial 

impact on the phase changing behaviour of the composites [86]. Porous geometry has a significant 

impact on the thermal conductivity of the composite. For instance, Zhao et al. [87] reported that the 

use of a porous medium enriches the melting and solidification process faster than pure PCMs without 

a porous medium. It is important to note that most available studies have focused on the formation of 

FSPCM by using different supporting materials including diatomite, vermiculite and expanded 

perlite. However, what happens when these types of substances are mixed with cementitious materials 

and their interaction with the hydration process has yet to be determined.  

2.5. Thermal conductivity enrichment of PCM  

The key concern that needs more attention is that PCMs have very low thermal conductivity 

which leads to inefficient heat transfer and thus, prolonged charging/discharging time [88]. Therefore, 

a number of approaches have been proposed [20, 35], including (i) developing FSPCM by using high 

conductive porous supporting material; (ii) dispersing conductive particles such as graphite, copper, 

aluminium, silver etc. with PCM; (iii) packing PCM in a container (lesser rings, metal fins and metal 
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beads); and (iv) encapsulating PCM to improve the rate of heat transfer in the LHS system. As we 

have discussed previously the incorporation of high thermal conductive materials with PCM enhances 

the heat transfer performance; however, the integration would also cause a decline in overall heat 

storage capacity. Thus, this technology cannot be adopted for practical application. It was also 

discussed in the previous section that integration of PCMs with building materials such as gypsum 

boards, plaster, and concrete would have insignificant influence on heat transfer [89]. The only option 

left is for FSPCM which has promising features to be considered as construction materials, described 

in subsection 2.4.2.3. It can be argued that in-depth study on thermal conductivity enhancement of 

FSPCM could make these materials practically feasible for building thermal management 

applications. 

2.6. PCM in building envelopes 

The building envelope is a key element in a building for controlling the interior thermal 

environment regardless of outdoor conditions. Therefore, an energy efficient building envelope is a 

major benefit which can be achieved by using PCMs. The key reason for incorporating PCM into 

building components is to increase their thermal mass, which leads to reduction in interior 

temperature variations, ensures thermal stability inside, provides a comfortable interior environment 

and shifts the heating/cooling peak load to an off-peak period [90, 91]. The use of PCMs in a 

building’s structure could potentially save up to 25–30% on annual heating and cooling energy [92-

94]. The outcomes of related research are extraordinary and have influenced many researchers to turn 

their attention to building envelope optimisation by using PCM.  

The most common and suitable way of employing PCM into buildings as yet is by incorporating 

it with wallboards and placing them at the inner side of the of the building envelope. In this section, 

recent studies concerned with the integration of PCM into wallboards and gypsum plasterboard for 

building envelope applications are reviewed. The wallboards with PCM have the potential to store 

thermal energy and deliver it when needed. However, the performance of PCM-based wallboards 

depends on various factors such as the PCM melting temperature, the latent heat capacity per unit 
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area of the wall, the manufacturing technique and alignment of the wall, conditions of solar gains 

(direct/indirect) and ventilation rate [90, 95-102].  

The thickness of the PCM-wallboard is one of the key factors that have substantial influence on 

its performance. An optimisation process of PCM wallboard thickness was reported by Kuznik et al. 

[103] considering the effect of insulation thickness, phase difference, and indoor and outdoor air 

temperature swing. Their results indicated that insulation thickness and outside temperature have no 

effect on determining the optimal thickness of PCM, however, the internal air condition does 

influence the results. In another study, Kuznik et al. [104] used Dupont de Nemours PCM wallboard 

(Fig. 2.14) for the renovation of a lightweight tertiary building located in the south of Lyon (France) 

to assess their thermal performance. They monitored the thermal performance of the construction for 

approximately a year and concluded that the PCM wallboard was more effective when the outside air 

temperature was close to the phase transition temperatures of the PCM.  

 

Fig. 2.14. Dupont de Nemours PCM wallboard. 

Mandilaras et al. [98] introduced PCM gypsum board in a typical two-story family house and 

monitored the thermal response. The PCM gypsum boards were attached to all outdoor walls and 

inward partitions. It was observed that the decrement factor was reduced by 30–40% and the time lag 

increased by about 100 min. The position of PCM in a building’s walls affects the phase change 

process, and thus, is crucial for optimal thermal performance [105].  
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2.7. Building energy simulation  

According to the literature reviewed in the previous section, passive design using PCM is a 

sustainable solution for improving buildings’ thermal performance. Passive PCM systems can 

achieve long-term energy efficiency, improve comfort quality and make substantial energy savings 

by stabilising indoor air temperatures. However, before employing these PCM-based innovative 

passive designs, their performance should be assessed by means of validated building energy 

simulation (BES) tools as the application of PCM needs some particular consideration to select the 

appropriate materials, the location and the amount of PCM [109]. Nowadays, computer-based 

simulation has become a conclusive, cost-effective and swift method to evaluate the effectiveness of 

new technologies such as thermal/energy performance of PCM on a building. Authorised BES models 

can facilitate alternative designs, testing and optimisation of PCM-based building materials without 

conducting a whole building field investigation on a real system, which is costly and time-consuming. 

Moreover, computer-based simulation helps researchers to make decisions and ensure long-term 

success. For instance, Kapetanakis et al. [110] developed thermal load predictive models of 

commercial buildings through the use of BES software, and there are several studies where the BES 

model was used to benchmark the energy performance of buildings [111]. The BES tool can be 

employed for evaluating the influence of different parameters or optimisation scenarios affecting the 

energy performance of the building. Over the past few decades, a wide variety of BES tools have 

been developed which are competent in facilitating dynamic energy simulation for different 

applications [112]. However, in the building energy field there are very limited validated whole-BES 

models that can simulate the influence of PCM on the energy performance of buildings. EnergyPlus 

[113], TRNSYS [114], and ESP-r [115] are all accepted and widely used forms of BES software that 

can handle PCM modelling in buildings. Table 2.6 shows the comparison of some major features and 

proficiencies of these building energy simulation tools. 
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Table 2.6 The comparison of some major features of EnergyPlus, TRNSYS and ESP-r simulation 

tools [112]. 

Features EnergyPlus TRNSYS ESP-r 

Interior surface convection    

• Dependent on temperature    

• Dependent on air flow P E  

• Dependent on surface heat coefficient from CFD E  E 

• User-defined coefficients (constants, equations or 

correlations  

  E 

Outside surface convection algorithm    

• BLAST/TARP    

• DOE-2    

• MoWiTT    

• ASHRAE simple    

Single zone infiltration     

Automatic calculation of wind pressure coefficients P   

Natural ventilation  O  

Multi zone air flow  O  

Displacement ventilation  O  

User-configurable HVAC systems    

Simple energy and demand charges    

Complex energy tariffs including fixed charges, block charges, 

demand charges, ratchets 
 E  

Scheduled variation in all rate components    

User selectable billing dates   E  

: feature or capability available and in common use; P: feature or capability partially implemented; O: 

optional feature or capability; E: feature or capability requires domain expertise. 

 

Fig. 2.16. EnergyPlus integrated simulation manager. 
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Comparing the tools, EnergyPlus is one of the most flexible and reliable building energy 

performance simulation tools. It was first realised in 1996 by the U.S. Department of Energy (DOE), 

building on the strength of both BLAST and DOE–2 accompanied by new capabilities. It is 

predominantly a simulation tool—there is no formal user interface. The structure of the EnergyPlus 

simulation manager is shown in Fig. 2.16.  

The combined solution manager controls the surface and air heat balance units, which acts as an 

interface between the heat balance and the simulation module of the building systems [113]. In 

EnergyPlus, it is feasible to formulate original modules and/or regulate tactics and assimilate them 

into the program as sub-routines by an energy management system (EMS). This acts as a customised 

computer that can be programmed to operate each of a building’s energy related schemes, for 

instance, ventilation, cooling, heating, internal lighting, and mechanized operations for shielding 

devices, actuators and windows [116]. In addition, the abilities which afford strength to this software 

are high-level infiltration and fenestration analysis, more realistic HVAC system controls, calculation 

of multizone airflow, environmental emissions and economic assessment techniques including life 

cycle energy and cost analysis. In the EnergyPlus tool, a PCM module is offered using an implicit 

conduction finite-difference (ConFD) solution algorithm that provides the opportunity to simulate 

based on the enthalpy-temperature curve as a material property. Recently released EnergyPlus 8.8 

includes an inherent module developed by NRGSIM to simulate the PCM layer that enables the 

execution of thermal properties associated with hysteresis phenomena [117]. But this module can 

only simulate the single PCM layer in a monolayer envelope structure, and therefore in EnergyPlus 

version 8.9, the latest version, a custom NRGSIM module is integrated, which allows the simulation 

of multilayered structures that comprise a PCM layer to be implemented. 

2.8. Summary and research gaps 

Based on the literature review presented so far, it is clear that the TES system using PCMs has 

huge potential as a strategic technology to improve the energy efficiency of buildings. However, it 

should also be mentioned that the integration of PCM into the building materials results in an adverse 
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effect on their properties. This can be overcome through the selection of the proper and most suitable 

method of PCM incorporation. The form-stable PCM (FSPCM) showed better performance compared 

to the direct incorporation of PCM and other encapsulated PCM. However, what happens when 

FSPCMs are mixed with cementitious materials and their interaction with the hydration process has 

yet to be determined. Also, there is a need to conduct the thermal performance investigation of 

FSPCM in building envelopes. In that context, the PCM integration technique is the initial step that 

requires to be determined, and the first research question includes: 

1. What is the appropriate technique to integrate PCM into building materials such as gypsum 

board while preventing PCM instability and improving thermal performance?  

Among different PCM incorporation techniques discussed in section 2.4, the encapsulation 

regarding PCM retention into porous supporting material known as FSPCM is one of the most suitable 

forms that involves inclusion into building elements. However, in most of the reviewed studies, the 

stability of FSPCM in gypsum board has not been extensively studied. In the present study, the 

FSPCM based on diatomite has been extensively characterised for TES applications. The 

characterisations of morphological analysis, chemical compatibility, thermal stability (leakage), 

thermal conductivity and thermal performance (heat storage/release) of the developed FSPCM will 

be carried out in Chapter 3.  

No research work has been found in the literature on using diatomite based FSPCM in gypsum 

boards.  Hence, the thermal stability (leakage) of developed FSPCM in gypsum board needs to be 

examined for evaluating their thermal performance. The related experimental study for these 

characterisations is detailed in Chapter 4. Stated 

It is well known that the incorporation of PCM into construction elements increases the TES 

capacity of buildings, helping to increase the house's energy performance and indoor thermal comfort. 

However, the performance study of FSPCM incorporated gypsum board in building applications was 

lacking. Hence, it is crucial to evaluate the thermal performance of the proposed FSPCM enhanced 
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gypsum board utilisation in houses, and therefore, the second research question is expressed as 

follows: 

2. What is the proposed use of FSPCM-enhanced gypsum board (FSPCM board) in houses? 

What is the efficiency of the developed FSPCM board in improving houses' thermal 

performance?  

The proposed application of FSPCM board in the building’s envelope is as an interior finishing 

material. However, the FSPCM board needs to be examined for its thermo-physical and mechanical 

properties. The thermal performance studies are needed to evaluate the efficiency of FSPCM board 

on improving indoor thermal comfort while reducing temperature variations. This research work 

studies the thermal performance improvement of FSPCM board in buildings through an experimental 

test and numerical analyses and optimises thermal/energy performance by conducting parametric 

research presented in Chapter 5. 

Although the improvement of indoor thermal comfort by integrating FSPCM board into building 

envelopes has been proved, the adoption of this technology in practice is still very limited. Of course, 

the combined use of PCM with thermal insulation provides a high energy efficiency building. 

However, the benefits of adopting this idea have not been fully justified. Therefore, the third research 

question is expressed as follows: 

3. What are the benefits of using FSPCM board combined with thermal insulation to improve 

the energy efficiency performance of houses? 

The combined use of FSPCM board and thermal insulation could be more effective in improving 

the energy efficiency of houses.  Hence, energy performance studies of the building envelope 

composed of FSPCM board with thermal insulation should be evaluated in terms of improving the 

star rating of those houses. The evaluation was conducted through numerical simulation for three 

different Australian cities (Darwin, Alice Springs, and Sydney). To evaluate the benefits of their 

combined use, an economic and environmental analysis are presented in Chapter 6. 
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Lastly, even if various parameters are applied for optimising the energy efficiency of FSPCM board 

with insulation materials in houses, there is still a lack of proper design optimisation for high energy 

efficiency houses. Hence, the fourth research question of the present work are as follows: 

4. What different design variables and construction parameters need to be optimised for a high 

energy efficiency building?  

Previous research has mainly focused on evaluating the benefits of using FSPCM board together 

with thermal insulation in improving house energy efficiency for different outdoor conditions and 

suggested their optimum design parameter of thickness value through a life cycle cost analysis. The 

current study optimises some design parameters that are related to heat transfer processes in buildings. 

Finally, an optimised design model relating to life cycle cost and the set of design variables of a PCM-

enhanced residential house in Sydney is presented in Chapter 7. 
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CHAPTER 3 

Development of diatomite-based form-stable phase change material 

3.1. Introduction 

As discussed in the literature review, phase change material (PCM) has a great prospect of use 

in construction as an energy conservation material. PCM is a kind of material that can absorb and 

release a large amount of thermal energy in the form of latent heat by undergoing a phase change 

process [22]. PCM has a high energy storage density and shows isothermal features when energy is 

stored. Hence, PCM can be used in buildings to control the indoor temperature, enhance the thermal 

comfort and reduce the energy consumption for heating and cooling. However, pure PCM limits its 

usage in many thermal energy storage applications due to the low thermal conductivity and leakage 

issues. 

To overcome these issues, form-stable composite PCM (FSPCM), made by encapsulating PCM 

into porous supporting materials, has been investigated recently [22, 118]. The FSPCM can keep its 

solid shape even when the PCM is transformed to a liquid state. In particular, the porous supporting 

material can make liquid PCM convenient to control and prevent PCM from adverse collisions with 

the surrounding materials. It should be noted that FSPCM has been developed by using various porous 

carrier materials, such as diatomite, perlite, expanded graphite, gelator, vermiculite and kaolinite, etc. 

[26]. Among them, diatomite has been widely used as a carrier material to prepare FSPCM due to its 

unique properties, including large specific area, highly porous three-dimensional structure (up to 80-

90% porosity), low bulk density (128-320 kg/m3), fairly low price, superior thermal stability and 

chemical inertness even at elevated temperatures [22]. There is no study on using methyl stearate 

(MeSA) as a PCM and diatomite as the supporting material to prepare the form-stable PCM for 

thermal energy storage applications. As a bio-based PCM, MeSA that is manufactured with reduced 

heat energy exhaustion than fatty acid is a favourable candidate for TES applications at mild 
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temperatures due to its moderate solid-liquid phase change temperature of 36.8 oC and high heat 

storage capacity of 217.7 J/g. 

In this chapter, the development of a novel form-stable PCM is reported by incorporating methyl 

stearate into porous diatomite material. The morphologies and chemical compatibility of the 

developed FSPCM are investigated by Scanning Electron Microscopy (SEM), Fourier Transform 

Infrared Spectroscopy (FT-IR) and X-ray Diffraction (XRD). The thermal properties, thermal 

stability, thermal conductivity and thermal reliability (leakage) of the FSPCM are determined by 

Differential Scanning Calorimeter (DSC), Thermo-Gravimetric Analysis (TGA), Hot-disc thermal 

constants analyser and thermal cycling test. Finally, the thermal performance (heat storage/release) 

of the FSPCM is evaluated. 

3.2. Materials and methods 

3.2.1. Materials 

A commercial grade methyl stearate (purity: ≥96%) with a melting temperature of 36.8 ºC was 

obtained from Sigma Aldrich Pty. Ltd., Australia. The diatomite sample used was sourced from 

Mount Sylvia Pty. Ltd., Queensland, Australia.  

3.2.2. Development of diatomite-based form-stable PCM 

The form-stable PCM was prepared by using a direct impregnation method in which methyl 

stearate was used as a PCM and diatomite as the porous supporting material. A double-jacketed glass 

reactor as shown in Fig. 3.1 was used to prepare the FSPCM. The fabrication process of the form-

stable PCM is as follows. At first, the diatomite particles were thermally treated at 120 oC for 24 h to 

remove all moisture in the pores. Then, a certain amount of diatomite was placed in the glass vessel 

and the vessel temperature was maintained at 60 °C by using the oil bath. The solid PCM was then 

heated to the same temperature in a dropping funnel installed on the top of the vessel (Fig. 3.1). When 

the PCM was completely melted, it was added to the diatomite in a dropwise manner. During this 

process, a stirring electric motor was used to mix the diatomite with the PCM. The mixing process 

was terminated when the liquid PCM was entirely absorbed by diatomite into its porous structure. 
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The PCM/diatomite composite was then placed in open air below the PCM's melting temperature for 

6 hours to make sure that PCM becomes solid. The PCM is retained in the porous diatomite to form 

the form-stable PCM (FSPCM). 

 

Fig. 3.1. Setup used to prepare form-stable PCM. 

3.2.3. Testing methods 

3.2.3.1. Morphological characterisation 

The morphology and surface topology of the porous diatomite and developed FSPCM was 

performed by Scanning Electron Microscopy (SEM; SEM JEOL 6510 LV). The SEM requires a 

highly conductive sample; thus, the experiment was started with a coating of FSPCM samples with a 

very thin layer of gold to increase their conductivity. The SEM was operated in a low vacuum mode 

at 30 Pa and 15 kV. The SEM was also equipped with an energy dispersive X-ray spectroscopy (EDS) 

detector for elemental analysis.  

3.2.3.2. Surface area analysis  

The surface area and porosity of the diatomite material were determined by a physisorption 

analyser (ASAP 2020, Micromeritics). The Micromeritics ASAP 2020 is equipped with two vacuum 

systems: one for sample preparation and the other for sample analysis. Therefore, the sample 

preparation (de-gassing) and analysis can occur simultaneously. During the sample analysis, the 

sample contained in a bulb-shaped tube is evacuated and cooled to cryogenic temperatures. Then the 
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analysis gas (usually N2) is introduced into the tube at precisely controlled pressures. The pressure at 

which adsorption equilibrium occurs is measured and the universal gas law is applied to determine 

the quantity of gas adsorbed. Any micropores in the material's surface are quickly filled, then the free 

surface becomes completely covered, and finally larger pores are filled. The process may continue to 

the point of bulk condensation of the analysis gas. Then, the desorption process may begin in which 

pressure is systematically reduced, resulting in the liberation of the adsorbed molecules. Analysis of 

these adsorption and desorption isotherms yields information about the surface characteristics of the 

material. 

The tube sample holder can hold volumes from 1−20 cm3 solid sample to be characterised. The 

mass of the sample needed depends upon the material density and expected specific surface area 

(SSA). Typically, 0.5–1.0 g for samples SSA > 100m2/g and 1.0–8.0 g for SSA < 100m2/g. The ASAP 

2020 Operator’s Manual recommends 40-120 m2 of total surface area per sample for achieving the 

best surface area analysis results. 

3.2.3.3. Chemical compatibility and phase analysis 

The chemical compatibility of the samples was tested by Fourier transform infrared (FTIR) 

spectroscopy (Bruker Vertex 70). The FTIR test relies on infrared light to scan samples to measure 

how the molecules of a substance absorb infrared radiation, which varies based on the substance's 

molecular structure. The chemical identity of the FSPCM was tested by FTIR between the 

wavelengths of 4000 and 360 cm-1.  

The chemical composition of form-stable PCM was also analysed by X-ray diffraction (XRD; 

D8 Advance Bruker AXS, Germany). The test was performed with Cu-Kα radiation (λ=1.5406 Å) in 

the 2θ range 10-60° at a scan rate of 0.2 s/step. The operating current and voltage were set at 40 mA 

and 40 kV, respectively. 

3.2.3.4. Thermal properties analysis 

The thermal analysis of raw PCM and FSPCM to obtain phase transition temperatures and latent 

heat capacity was conducted by a differential scanning calorimetry (DSC) -Netzsch 204 F1 Phoenix. 
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The measurement was performed under an atmosphere of argon which was injected at a flow rate of 

25 mL/min. Approximately 10 mg of the sample was precisely weighed and then encapsulated in an 

aluminum pan. The pan was then placed inside the DSC instrument's measurement cell along with an 

empty reference pan and heated at a rate of 5 °C/min in the temperature range from −20 to 60 °C and 

cooled at a rate of 5 °C/min. The heat flow DSC is a technique in which the difference between the 

heat flow rate into a sample pan and that into a reference pan is determined as a function of 

temperature or time. Each sample underwent three cycles of heating-cooling while the data was 

collected from the third cycle.  

3.2.3.5. Thermal stability analysis 

The thermal stability of form-stable PCM was conducted using a thermogravimetric analyser 

(TGA; Netzsch STA 449C Jupiter). Approximately 10 mg of the sample was precisely weighed and 

then encapsulated in an aluminum pan. The sample pan was then placed in the TGA along with an 

empty reference pan. Heating was conducted at a 10 °C/min rate up to 600 °C. The measurement was 

performed under an atmosphere of argon, which was injected at a flow rate of 25 mL/min. A curve 

of weight loss against temperature was constructed from the data obtained by the instrument. A 

derivative of this curve (DTG) was produced to indicate the temperatures at which maximum rates of 

weight loss occurred. 

3.2.3.6. Thermal reliability analysis 

The thermal reliability of the prepared FSPCM was evaluated concerning the change in phase 

change temperature and latent heat after several thermal cycles. The thermal cycling consisted of 

exposing the form-stable PCM to multiple melting and freezing processes. This was done by keeping 

the sample in a controlled environment through thermal cycler (TC-25/H, Bioer) in which the sample 

was heated (melting) and cooled (freezing) between 0 ºC and 50 ºC at a rate of 0.5 ºC/min. Fig. 3.2 

shows the graphical representation of thermal cycling test. After 50 consecutive melting and freezing 

cycles, the FTIR, XRD and DSC analyses were repeated to verify the chemical and thermal stability 

of FSPCM. 
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Fig. 3.2. Thermal cycling test. 

3.2.3.7. Thermal conductivity measurement 

A hot-disc thermal constants analyser TPS 2500 s was used to determine the thermal conductivity 

of the samples at room temperature. The measurement is based on the transient plane source (TPS) 

method. A hot-disc sensor 5465 was used with a radius of 3.189 mm. The hot disc was calibrated 

using fused silica (thermal conductivity 1.31-1.32 W/m.K) to check the functionality of the hot disc. 

The thermal conductivity measurement started by weighing the FSPCM in a beaker, and water was 

then added with a water/FSPCM ratio of 0.4. The mixture was blended for 2 min to produce FSPCM 

slurry. Finally, the FSPCM slurry was poured into a mould (diameter of 20 mm and a thickness of 10 

mm) and heated at 90 °C for 24 h. For pure PCM, the PCM was melted at 60 °C before pouring into 

the mould and cooling for 24 h. For this measurement, the sensor was placed between two layers of 

samples with a diameter of 20 mm and a thickness of 10 mm.  

3.2.3.8. Thermal performance analysis 

To inspect the thermal performance of the prepared FSPCM for practical applications, the heat 

storage and release periods of the pure PCM and FSPCM were examined by measuring the 

temperatures with respect to time during the melting and solidifying processes. The experimental 

setup is depicted in Fig. 3.3. Two glass tubes were loaded with 15 g of pure PCM and FSPCM, 

respectively. A thermometer with an accuracy of ±0.1 °C was placed in the centre of each tube. The 

glass tubes were then put into a water-filled glass beaker and the temperature was recorded once every 

-5

5

15

25

35

45

55

0 200 400 600 800

T
em

p
er

at
u
re

 (
°C

)

Time (min)



49 
 

1 min during the melting process from 25.5 to 45 °C, and then during the subsequent solidification 

process back to room temperature. 

 

Fig. 3.3. Test setup for thermal performance measurement. 

3.3. Results and discussion 

3.3.1. Morphology of diatomite 

The morphology and microstructure of diatomite investigated via SEM analysis are shown in 

Fig. 3.4. As shown in Fig. 3.4(a-d), the isolated diatomite particles, in the order of microns, are mainly 

in a disc and cylindrical forms with extremely porous and hollow centres. Numerous macropores 

(300-400 nm in diameter) are uniformly distributed, signifying the diatomite's large specific surface 

area as expected. They also have two different 3D cylindrical porous structures: one is full frustule 

with both ends entirely closed (Fig. 3.4b), and the other is half frustule with one end half open and 

the other end closed (Fig. 3.4c). The length of a typical diatomite particle is found to be 8-12 μm, 

with a diameter of 5-8 μm. Diatomite has a smooth surface with various open pores, cavities and 

channels. It is interesting to note that all diatomite particles show a similar hierarchical porosity 

characteristic. The open cavities in diatomite are responsible for absorbing liquid PCM. As the used 

diatomite has high purity, only a few pores are blocked by visible impurities. The more pores are 

accessible, the more PCM can be loaded in the diatomite. 
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Fig. 3.4. SEM morphologies: (a-c) cylindrical shape, and (d) disc shape. 

The elemental characterisation of diatomite was determined through EDS analysis and is shown 

in Table 3.1, which shows that the diatomite particle is mainly composed of SiO2 (92.5%) and a small 

amount of Al2O3 (4.8%). This indicates that the diatomite can potentially combine with inorganic 

construction materials such as cementitious materials well even after absorbing PCM [119-121].  

Table 3.1 Chemical composition of diatomite. 

Compound SiO2 Al2O3 MgO Fe2O3 CaO Na2O TiO2 

Ratio (%) 92.5 4.8 0.7 1.2 0.5 0.2 0.1 

 

3.3.2. Surface properties of diatomite 

The surface area and porosity properties of the thermally treated diatomite were analysed by 

nitrogen adsorption measurements. Fig. 3.5a shows the resulting adsorption-desorption isotherm and 

Fig. 3.5b demonstrates the corresponding density functional theory (DFT) pore size distribution graph 

of the thermally treated material. The isotherms feature an adsorption-desorption hysteresis loop in 

the relative pressure range of 0.45-0.96. It can be observed from Fig. 3.5a that the isotherm of the 

diatomite sample resembles a type II isotherm, as there is no plateau when it approaches the p/p0 ratio 
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of 1, where p and p0 are the condensation pressure and saturated pressure of the bulk fluid, 

respectively.  

 

Fig. 3.5. Thermally treated porous diatomite material: (a) N2 adsorption-desorption isotherms, and 

(b) DFT pore size distribution. 

According to IUPAC nomenclature [122], macropores are defined as pores with diameters 

greater than 50 nm, mesopores 2-50 nm, and micropores less than 2 nm. The presence of macropores 

was confirmed by the pore sizes observed in the SEM images shown in Fig. 3.4. However, the 

existence of a small amount of uptake at low relative pressure could suggest the filling of micropores. 

Also, present is a hysteresis loop (0.5 < p/p0 < 0.9), which seems to have attributes similar to both an 

H3 hysteresis (the absorption capacity rises steeply at a higher relative pressure > 0.95) and H4 
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hysteresis (shows some micropore filling at low relative pressures). These hysteresis types could 

indicate macropores that have not been filled with pore condensate, or the existence of some 

mesopores. It is highly likely that this porous diatomite material possesses a microstructure with an 

array of pore sizes, including micro-, meso- and macropores. The higher specific surface areas 

attributable to the mesopores are projected to influence interfacial processes.  

The BET surface area and pore structure characteristics are key factors in selecting porous carrier 

materials for wrapping PCM. The diatomite has a BET surface area of 22.69 m2/g and DFT pore 

volume of 0.04362 cm3/g, respectively. Due to the nature of the experiment, it should be noted that 

this pore volume only includes pores with diameters up to 120 nm (i.e., those shown in the DFT plot 

in Fig. 3.5b). The large surface area and pore volume explain the high absorption capacity of diatomite 

due to capillary and surface tension forces, making it suitable for PCM encapsulation. 

3.3.3. Morphology of form-stable PCM 

The morphology of the form-stable PCM is shown in Fig. 3.6. As shown in Fig. 3.6a, form-stable 

PCM has a light grey colour. Compared with the empty pores observed in the SEM images of the 

pure diatomite (Fig. 3.4), there are no visible pores left after PCM impregnation (Fig. 3.6b), indicating 

that PCM has been impregnated into diatomite pores in the FSPCM. 

 

Fig. 3.6. Prepared form-stable PCM: (a) normal appearance, (b) SEM micrograph. 

3.3.4. Chemical compatibility of form-stable PCM 

The chemical compatibility between PCM and diatomite was determined by using the FTIR 

spectroscopy analysis method. Fig. 3.7 shows the FTIR spectrums of pure PCM, diatomite and form-

stable PCM. The raw diatomite possesses three strong absorption peaks at 454, 780 and 1062 cm−1. 
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The characteristic peak at 454 cm−1 belongs to the Si-O bending vibration. The band at 780 cm−1 

ascribes to the silanol (SiO-H) groups and 1062 cm−1 signifies the siloxane (Si-O-Si) stretching 

vibration group. All these characteristic peaks belong to SiO2. In the pristine PCM spectrum, the 

absorption bands at 2848 and 2915 cm−1 are attributed to the symmetric and asymmetric stretching 

vibrations of –CH2 group. The stretching vibration of –CH3 is found at 2951 cm−1. The stretching 

vibration of the C=O group is detected at 1739 cm−1. The peaks at 1169 and 1107 cm−1 can be assigned 

to C-O asymmetric and symmetric vibrations. In addition, the peaks at 1462 cm−1 and 723 cm−1 are 

caused by the CH2 or CH3 deformation vibration and (–CH2–)n (n≥4) rocking vibration. In the form-

stable spectrum, all typical absorption bands of both PCM and diatomite are still visible as expected. 

Moreover, no new peaks have appeared in the composite PCM spectrum, suggesting that no chemical 

interaction takes place between the pore confined PCM and diatomite.  

 

Fig. 3.7. FTIR spectra of diatomite, PCM and form-stable PCM. 

Table 3.2 shows the characteristic FTIR peaks of the diatomite, PCM and FSPCM. It seems that 

some FTIR peaks of the FSPCM have shifted slightly in comparison with those of pure PCM and 

diatomite. These shifts may be because of the weak physical interactions between PCM and the 

supporting diatomite material. The physical interactions induce capillary and surface tension forces, 

arresting the liquid PCM from leaking out during the phase transformation process [123]. The FTIR 
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results shown in Table 3.2 indicate excellent chemical compatibility between PCM and the diatomite 

matrix.  

Table 3.2 FTIR characteristic peaks of diatomite, PCM and FSPCM. 

Sample Si–O –CH2 SiO–H Si–O–Si C–O C=O –CH2 and –CH3 

Diatomite 454 − 780 1062 − − − − − − − 

PCM − 723 − − 1107 1169 1739 1462 2848 2915 2951 

FSPCM 452 723 779 1056 1106 1165 1740 1462 2848 2916 2951 

 

To further characterise the diatomite, pure PCM and FSPCM, X-ray diffraction (XRD) 

investigation was performed and the spectra are shown in Fig. 3.8. The broad diffraction peak found 

in the diatomite spectrum spanning a range of approximately 20–25° can be ascribed to the non-

crystalline silica (SiO2), whereas the strong peak centred at 26.7° can be assigned to the (101) 

reflection of quartz crystal. In the PCM spectrum, the appearance of peaks at 11.1, 14.8, 19.9, 20.6, 

21.8 and 24.1° confirms the formation of highly crystalline PCM with a monoclinic system.  

 

Fig. 3.8. XRD spectra of diatomite, PCM and FSPCM. 

It can be seen that the main diffraction peak of PCM appears in the XRD pattern of FSPCM 

without appreciable shifting of the 2θ angle. Meanwhile, there is no new peak appearance. This 

supports that the PCM segment of the composite has a similar crystal structure as the pure PCM, 

without chemical interactions taking place between the PCM and diatomite during the impregnation 

process.  
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3.3.5. Thermal properties of form-stable PCM 

Thermal properties such as melting and freezing temperatures and latent heat capacity are the 

most important parameters for thermal energy storage system. The phase change properties of PCM 

and FSPCM were determined by DSC tests. Fig. 3.9 shows the typical DSC curves of the raw PCM 

and form-stable PCM and the resultant data of thermal properties are summarised in Table 3.3.  

 

Fig. 3.9. Measured DSC curves of raw PCM and FSPCM. 

Both the raw PCM and FSPCM display only one peak in the endothermic and exothermic DSC 

curves, corresponding to the latent heat storage of PCM during melting and solidifying processes. As 

shown in Fig. 3.9, the raw PCM displays sharp and strong endothermic and exothermic peaks with 

an onset melting temperature (Tm) of 36.8 °C and an onset solidifying temperature (Ts) of 32.7 °C, 

giving a total temperature range of approximately 26–46 °C. Conversely, the FSPCM has broader 

and blunt endothermic and exothermic peaks with a negligible change of phase change temperatures 

(Tm of 36.5 °C and Ts of 33.1 °C) in comparison with raw PCM. The raw PCM has peak melting (Tm,p) 

and solidifying (Ts,p) temperatures of 43.1 °C and 29.4 °C, respectively, while for FSPCM, the 

corresponding values are 41.7 °C and 30.7 °C. Heatwaves in Australia are becoming hotter, longer 

and more frequent. For example, Penrith, a suburb of Sydney, is frequently hit by heat waves and has 

a temperature record of 47.3 C reached in January 2018. It has been reported that the temperature in 

a roof attic could be even 15−20 °C higher than the outdoor air temperature [124]. Therefore, the 
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FSPCM with a relatively high melting temperature is suitable for roof ceiling applications in 

Australian residential houses. 

Table 3.3 Thermal properties of raw PCM and FSPCM. 

Sample Heating cycle  Cooling cycle Extent of supercooling 

(∆𝑇 = 𝑇m − 𝑇s)  

(°C) 
Tm 

(°C)  

Tm,p 

(°C) 

ΔHm 

(J/g) 

 Ts 

(°C) 

Ts,p 

(°C ) 

ΔHs 

(J/g) 

Raw PCM 36.8 43.1 217.7  32.7 29.4 219.6 4.1 

FSPCM 36.5 41.7 111.8  33.1 30.7 110.6 3.4 

 

The phase change latent heat of the PCM and FSPCM is calculated by the area under the 

endothermic and exothermic peaks. The melting (ΔHm) and solidifying (ΔHs) latent heats of raw PCM 

are determined to be 217.7 and 219.6 J/g, respectively. The melting and solidifying latent heats for 

FSPCM are 111.8 and 110.6 J/g, respectively. Tests were also conducted to measure their specific 

heat capacity by using the DSC and the results are shown in Fig. 3.10. Accordingly, the specific heat 

capacity of raw PCM and FSPCM at ambient temperature (25 °C) are about 1.84 and 1.32 J/gK, 

respectively. 

 

Fig. 3.10. Specific heat capacity of raw PCN and FSPCM. 

For form-stable PCM, it is important to ensure the highest amount of PCM absorption at a 

minimum loss of the latent heat, since carrier materials do not undergo phase change. Evidently, the 

latent heat and specific heat capacity of the FSPCM decrease in the presence of a carrier material. 

0

5

10

15

20

25

30

35

0 20 40 60

S
p
ec

if
ic

 h
ea

t 
ca

p
ac

it
y
 (

J/
g
K

)

Temperature (°C)

Raw PCM
FSPCM



57 
 

Therefore, the mass fraction of PCM is important for understanding the thermal performance of the 

prepared FSPCM. The mass fraction (β) of PCM in the FSPCM can be calculated by Eq. (3.1) [125]:  

 β (PCM %) = 
∆𝐻m,FSPCM

∆𝐻m,PCM
× 100%     (3.1) 

where ∆𝐻m,PCM and ∆𝐻m,FSPCM  represent the melting latent heats of the raw PCM and FSPCM, 

respectively.  

The -ratio of PCM in the FSPCM is found to be 51.3%. However, the reduction in latent heat 

for the FSPCM in comparison with raw PCM not be ascribed only to the lower fraction of PCM in 

the FSPCM. The interaction between the PCM and porous diatomite could be another reason leading 

to the reduction in phase change latent heat of the FSPCM. These interactions could be reflected by 

crystallisation fraction (Fc) in the composite FSPCM [126]. The parameter Fc is represented by Eq. 

(3.2):  

𝐹c =
∆𝐻FSPCM

∆𝐻PCM𝛽
× 100%      (3.2) 

where ∆𝐻PCM  and ∆𝐻FSPCM  are the crystallisation latent heats of the raw PCM and FSPCM, 

respectively.  

The variable Fc corrects the mass depletion effect owing to the addition of porous diatomite and 

may assist to evaluate the interaction between the PCM and the carrier material. A greater value of 

Fc implies higher conservation of crystalline phase and thus signifies a weaker interaction. In the 

current study, a high Fc value of ~98% for the FSPCM suggests high preservation of crystallinity and 

a very weak interaction between the PCM and diatomite material. It is well known that supercooling 

of PCM is a key issue from the point of practical applications. A high supercooling degree is 

associated with low effective heat capacity. As a result, the stored energy during the crystallisation 

process reduces, which is not desirable. Therefore, the control of supercooling degree of a PCM is 

fundamental for TES applications. The degree of supercooling (ΔT) can be evaluated by Eq. (3.3): 

∆𝑇 = 𝑇m − 𝑇s                                    (3.3) 
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Table 3.4 Comparison of thermal properties between the current FSPCM and those reported in the 

literature. 

Composite PCM Maximum PCM 

ratio (%) 

Melting process  Freezing process Reference 

Tm (°C ) Hm (J/g) Ts (°C) Hs (J/g) 

Paraffin/diatomite 47.3 27.1 89.4  26.5 89.9 [129] 

Capric-stearic acid/perlite 50 29.6 82.1  17.4 82.6 [131] 

Dodecanol/bentonite 32 22.6 67.6  21.1 62.3 [134] 

PEG/diatomite 50 27.7 87.1  − − [128] 

Paraffin/vermiculite 38.5 27.0 77.6  25.1 71.5 [132] 

Paraffin/perlite − 27.6 67.1  23.6 69.1 [102] 

Capric-palmitic acid/pumice 35 23.1 56.5  21.7 55.4 [133] 

Lauric acid/kaolinite 48.0 43.7 72.5  39.3 70.9 [130] 

Capric-lauric acid/diatomite a 53.6 23.6 87.3  22.5 86.9 [135] 

Methyl stearate/diatomite 51.3 36.5 111.8  33.1 110.6 This work 
a Vacuum impregnation method 

3.3.6. Thermal stability of form-stable PCM 

Thermal stability is critical for a FSPCM to be used in thermal regulation. TGA and derivative 

TG (DTG) analyses were conducted to investigate the thermal stability of raw PCM and FSPCM, and 

the results are given in Fig. 3.12. Both raw PCM and FSPCM show only one-step degradation (Fig. 

3.12a). The sharp mass loss of the raw PCM and the FSPCM (Fig. 3.12b) occurred at around 346 and 

318 °C, respectively. The mass loss can be attributed to the decomposition of organic matter, namely 

the breaking of the PCM chains. The earlier mass loss in the FSPCM compared to that of the raw 

PCM may be due to the change of physical behaviour of the pore confined PCM. But no 

decomposition and mass loss are detected for FSPCM at temperatures below 220 °C, suggesting that 

the thermal stability of this prepared FSPCM is high in its temperature range of phase change. The 

total mass loss of FSPCM is 52% (Fig. 3.12a). This mass fraction of PCM in the FSPCM generally 

agrees with the measured mass fraction value of 51.3% found from DSC analysis in previous section.  
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Fig. 3.13. DSC curves of FSPCM before and after 50 thermal cycles. 

As compared to those values measured before the thermal cycles, the melting and solidifying 

temperatures of the FSPCM were shifted by 0.57% and 1.3%, respectively, whereas the latent heats 

for the melting and solidification processes changed by 0.18% and −0.36%, respectively (Table 3.5). 

The phase change temperatures and latent heat values for both melting and solidification processes 

of FSPCM after thermal cycling exhibited a negligible change, suggesting very good thermal 

reliability.  

Table 3.5 DSC data of the FSPCM before and after 50 thermal cycles. 

Sample PCM (%) Heating cycle  Cooling cycle 

Tm (°C)  ΔHm (J/g) Ts (°C) ΔHs (J/g) 

Before cycles 51.3 36.50 111.8  33.10 110.6 

After cycles 51.4 36.71 112.0  33.54 110.2 

 

The XRD pattern after thermal cycles is presented in Fig. 3.14. It is observed that the peak 

position of raw PCM in the FSPCM remains similar to that before 50 melting/solidifying cycles. The 

β (mass fraction of PCM) value is also nearly the same as the original value (Table 3.5), which 

indicates a retention of crystalline phase of PCM in the FSPCM after numerous melting-freezing 

cycles. Besides, no leakage of the PCM is found by weighing the composite (Table 3.5) before and 

after 50 thermal cycles, signifying excellent thermal reliability and stability. It seems that the multi-
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porous structure of the diatomite arrested the seepage of melted PCM from the FSPCM by capillary 

action and surface tension forces. 

 

Fig. 3.14. XRD spectra of FSPCM before and after 50 thermal cycles. 

In addition, the FTIR spectra (Fig. 3.15) of the FSPCM confirm that no changes of the shape and 

frequency values of major peaks occurred and no new peaks appeared after thermal cycles. These 

results again confirm that after 50 melting/solidification cycles, the chemical structure of the FSPCM 

is not affected. The thermal reliability and chemical stability of the prepared FSPCM thus meet the 

latent heat storage application requirements. 

 

Fig. 3.15. FTIR spectra of FSPCM before and after 50 thermal cycles. 
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3.3.8. Thermal behaviour of form-stable PCM 

Thermal storage and release rates are also important for practical applications of PCM. It is 

favourable for PCM to have relatively high thermal storage/release rates. Thermal storage and release 

processes of raw PCM and FSPCM were studied by the same custom-designed experimental system 

shown in Fig. 3.3. Fig. 3.16 shows the curves of temperature versus time of the raw PCM and FSPCM 

samples during the heating and cooling processes. It is notable that both PCM and FSPCM have an 

obvious temperature plateau during the heating and cooling processes because of the phase transition. 

However, the FSPCM displays much higher heat storage/release rates than those of the raw PCM. 

 

 

Fig. 3.16. Temperature versus time curves of raw PCM and FSPCM: (a) melting process and (b) 

freezing process. 
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3.4. Concluding remarks 

This chapter addressed the first research question of this research by investigating the PCM 

leakage and thermal conductivity of form-stable composite PCM, where methyl stearate was 

incorporated into diatomite. The FSPCM was developed by a simple direct impregnation method and 

its thermal performance (storage/release) was evaluated for building applications. Based on the 

experimental research, the following conclusions can be drawn: 

1. The fabrication of form-stable PCM using diatomite as a supporting material resulted in a 

large absorption ratio of PCM (51.3 wt.%) in the composite. The SEM results indicated that 

PCM was well incorporated into the diatomite pores. 

2. The developed FSPCM showed good chemical compatibility, thermal stability and excellent 

phase change properties. The interaction between PCM and diatomite is purely physical and 

a high crystallisation fraction value of ~98% for the FSPCM confirms a weak interaction 

between them. 

3. The thermal properties showed that FSPCM had a large operating temperature range from 24 

°C to 48 °C. The corresponding latent heat capacities for melting and freezing cycles are 111.8 

J/g and 110.6 J/g. Using diatomite as a supporting material could reduce the degree of 

supercooling by around 17% for FSPCM compared to raw PCM. 

4. The thermal cycling tests proved that the FSPCM has good structural stability and thermal 

reliability without any PCM leakage even after 50 melt-freeze cycles. During the cycling test, 

the deviation in the melting and freezing temperatures were found to be 0.57% and 1.3% and 

in the latent heats of 0.18% and -0.36%, respectively.  

5. The thermal conductivity of FSPCM is found to increase compared with pure PCM. An 

enhancement of 63.7% in thermal conductivity was seen in the case of the FSPCM compared 

to raw PCM. The increase in thermal conductivity of the FSPCM was also confirmed by 

comparing their melting and freezing times with those of the raw PCM.  



66 
 

From this research, it was concluded that the FSPCM based on diatomite material could be 

considered as a promising candidate for the preparation of energy-storing building materials such as 

gypsum board that could reduce the indoor temperature fluctuation and also reduce energy 

consumption. Thus, further studies should be conducted to integrate the developed FSPCM into 

gypsum board and evaluate its thermal performance in a small-scale test chamber. 
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CHAPTER 4 

Inclusion of FSPCM into gypsum board for building energy 

conservation 

4.1. Introduction 

In the previous chapter, the preparation of diatomite based FSPCM and characterisation of its 

thermal conductivity and structural stability by thermal cycling (melting/cooling) tests were 

introduced. Based on the work in Chapter 3, an experimental study was further conducted in this 

chapter (Chapter 4) to evaluate the potential inclusion of FSPCM into gypsum board for building 

energy conservation. Previous studies studied the thermal performance of FSPCM-integrated 

prototype building materials through heating/cooling thermal cycle tests either by a solar simulator 

[121, 138, 139] or in a laboratory-scale small chamber [62, 140-144]. However, the actual 

performance of FSPCM-integrated building materials in a real environment is absent. In particular, 

no experimental work has been conducted in the literature on using PCM/diatomite composite 

FSPCM-integrated gypsum board for building energy conservation. In this chapter, the performance 

of FSPCM-enhanced gypsum board for cooling load reduction in summer in real environmental 

conditions was investigated. A small-scale test chamber with an FSPCM-integrated gypsum board 

ceiling was prepared and modelled to study the thermal/energy performance. To further understand 

the potential economic benefits of using the FSPCM-integrated gypsum board, an economic 

evaluation through life cycle cost analysis was also performed in this chapter.  

4.2. Methodology 

4.2.1. Preparation of FSPCM gypsum board 

The FSPCM described in Chapter 3 was incorporated into foamed gypsum board for latent heat 

storage. Gypsum is mainly composed of calcium sulphate hemihydrate (CSH). To reduce the density 

of gypsum board, foam bubbles were introduced into CSH slurry in the laboratory. The mix 
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proportions for gypsum board with 40 wt.% of FSPCM or without FSPCM are given in Table 4.1. A 

slurry was prepared by combining CSH, 0.225% accelerator (potassium sulfate), 0.65% glass fibres, 

0.015% retardant (polyacrylic acid), 0.065% foaming agent (alkyl sulfate oligomers) and sufficient 

water to produce gypsum board with a water/CSH ratio of 0.86. It should be noted that all additives 

were measured in solid form as a percentage of the weight of CSH. The experimental process started 

by weighing the CSH and FSPCM (if any) in a beaker, and the water and retardant were then added 

and weighed in a mixer cup. The CSH/FSPCM was then poured into the mixer cup and blended for 

30 s to produce a gypsum slurry. Then, foam was generated separately by the inclusion of potassium 

sulfate before adding into the gypsum slurry. The mixture was blended for 30 s to produce foamed 

gypsum. Finally, the foamed gypsum was poured into a mould of 250 × 200 ×13 mm and cured at 90 

C for 48 h.  

Table 4.1 Mix proportions of gypsum board with or without PCM. 

Sample CSH (g) FSPCM (g) Water (ml)  Non-water components (g) 

  Gauge 

water 

Foam 

water 

 Accelerator a Glass 

fibres 

Retardant b Foaming 

agent c 

Gypsum board 715 − 257 358  1.61 4.6 0.11 0.46 

FSPCM board 511 204 184 256  1.15 3.3 0.08 0.33 

a Potassium sulfate; b Polyacrylic acid; c Alkyl sulfate oligomers. 

4.2.2. Stability of FSPCM in CSH composites 

The FSPCM incorporated CSH composites were produced by mixing FSPCM with CSH and 

water, as presented in section 4.2.1. No other additives were used so that the stability of the 

FSPCM/CSH composite would be examined in a relatively simple system. The CSH to FSPCM ratio 

was chosen to be 2.5, and the water to CSH ratio was 0.86, according to Table 4.1. The stability of 

FSPCM in CSH was first assessed by visual examination of PCM leakage in FSPCM incorporated 

CSH composite stored in clear cylindrical vessels. This presented a qualitative analysis of PCM 

leakage for FSPCM integrated CSH composite. The exudation stability of FSPCM/CSH composite 

was also studied by diffusion-oozing circle testing [62], in which filter paper was used to determine 

PCM exudation from the FSPCM. To evaluate the leakage, the hardened FSPCM/CSH composite 
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with dimensions of 50 × 50 × 40 mm was placed on the centre of the filter paper. The composite 

was then placed in an oven as shown in Fig. 4.1 and heated for 6 h above the PCM's melting 

temperature (40 or 70 °C), then any PCM leakage could be observed from stains on the filter paper. 

 

Fig. 4.1. Specimens subjected to leakage testing at 40 and 70 °C. 

4.2.3. Thermal performance of FSPCM gypsum board 

The produced gypsum board without PCM is shown in Fig. 4.2a and the one with FSPCM is shown in 

Fig. 4.2b. To evaluate the thermal/energy performance of gypsum board, a test setup as shown in Fig. 

4.2c and 4.2d was used. The experimental design consists of two similar chambers with an external 

dimension of 290 × 240 × 20 mm and an internal dimension of 230 × 180 × 165 mm. The walls and 

floors of the chambers were made from expanded polystyrene insulating material. The gypsum board 

with FSPCM was used as the cover of one chamber to check its thermal regulating performance as a 

ceiling. For comparison purposes, the other gypsum board without PCM was used to cover the other 

chamber. The two chambers were placed outside from 26 to 28 January 2019 (summer season in 

Sydney) and exposed to natural solar heating and cooling processes during day and night time. Two 

T-type thermocouples were used to measure the temperature variations at two different locations in a 

chamber (internal surface of the gypsum board and centre of the chamber), and the temperatures were 

recorded every 10 s by using a data logger (PCE-T 1200).  



70 
 

 

Fig. 4.2.  Produced gypsum board and test setup for thermal/energy performance evaluation: (a) 

gypsum board; (b) gypsum board with FSPCM; (c) photo of test setup; and (d) sketch of test setup. 

To analyse the effect of the FSPCM-enhanced gypsum board on test chambers' thermal and 

energy performance, three performance parameters based on the experimental data are quantified: 

heat flux by the FSPCM gypsum board ceilings, the energy consumption of the test chamber and 

energy-saving fraction. 

4.2.3.1. The heat flux of FSPCM gypsum board 

The heat is mainly transferred from the internal surface of the ceiling to the indoor air of the test 

chamber through natural convection. The convective heat flux of the interior surface of the gypsum 

board ceiling can be calculated using Eq. (4.1) [145]: 

𝑞conv = ℎnatural(𝑇s − 𝑇a)                                                      (4.1) 

where 𝑞conv is the convective heat flux (W/m2);  𝑇s and 𝑇a (in C) are the internal surface temperature 

of the gypsum board and the inside air temperature of the test chamber, respectively; and ℎnatural is 
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the convection heat transfer coefficient (CHTC) of the ceiling. The value of CHTC is highly 

dependent on the surface to air temperature difference [146]. An average CHTC value of 4.8 W/m2K 

was determined for ceilings with a surface to air temperature difference between 0.5 and 5 °C [147]. 

Therefore, the ℎnatural value is taken as 4.8 W/m2K in this paper as the surface to air temperature 

difference of the chamber is in this range. 

4.2.3.2. The energy consumption of the test chambers 

The energy consumption of the test chamber is evaluated with empirical formulas [130, 148]. 

The cooling energy consumption of the test chamber can be calculated by Eq. (4.2) [130]. 

𝑄 = ∑
(𝑈𝑖𝐴𝑖+0.33𝑁𝑉)

𝜂
 

24

1000
 (𝑇𝑗 − 𝑇𝑖)

𝑛

𝑗=1
  if 𝑇𝑗 > 𝑇𝑖                                    (4.2) 

where 𝑈𝑖 and 𝐴𝑖 are the heat transfer coefficient (W/m2.K) and area of the ith element of the building 

envelope (m2), respectively; N is the air changes per hour (ACH) in h−1, taking as 0.25 h−1; V is the 

volume of the house (m3), 𝜂 is the efficiency of the cooling system, taking as 2.5 [145],  𝑇𝑗  is the 

mean daily indoor temperature (°C) in day j and 𝑇𝑖 is the designed indoor air temperature in summer, 

taking as 26 ℃.  In the calculation, the U-values are taken as 0.86 W/m2K for the expanded 

polystyrene wall, 4.25 W/m2K for the gypsum board ceiling, and 3.89 W/m2K for the FSPCM gypsum 

board ceiling [130]. 

4.2.3.3. The energy saving fraction 

The energy saving fraction (ESF) can then be determined from Eq. (4.3). 

𝐸𝑆𝐹 (%)  = (1 −
𝑄FSPCM

𝑄Ref
) × 100                                                        (4.3) 

where 𝑄Ref  and 𝑄FSPCM  are the energy consumptions of the reference and FSPCM chambers, 

respectively. 

4.2.4. Economic feasibility of FSPCM gypsum board 

A life-cycle cost analysis (LCCA) is conducted to evaluate the economic feasibility of FSPCM 

gypsum board to be used as building false ceiling [149]. The interest rate (i), inflation rate (φ)  and 

life-time (n) of gypsum board are considered in the analysis, where the present value is adjusted based 
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on the method proposed by Cuce et al. [150] to account for the interest and inflation rates. The LCCA 

is conducted following the procedure adopted by Daouas et al. [151]. 

The annual cooling cost for a test chamber is calculated by Eq. (4.4). 

𝐶 Ref = 𝐶e𝐷 𝑄Ref    for reference chamber                                        (4.4a) 

𝐶FSPCM = 𝐶e𝐷 𝑄FSPCM    for FSPCM chamber                                   (4.4b) 

where 𝐶Ref  and 𝐶FSPCM  are the annual cooling costs of the reference and FSPCM chambers, 

respectively; 𝐶e is the cost of electricity in AUD$/kWh, taking as 33.33 c/kWh [152]; D is the number 

of hot days every year to operate an air conditioning system for cooling a building interior, taking as 

120 days in view of the climatic conditions in Penrith, Australia [126]; and 𝑄Ref and 𝑄FSPCM are the 

daily energy consumptions of the reference and FSPCM chambers, respectively, determined by Eq. 

(4.2).  

To convert the total cooling cost over a life-time of n years into present value, the present worth 

factor (PWF) needs to be calculated using Eq. (4.5) [150].  

𝑃𝑊𝐹 =
(1+𝜏)𝑛−1

𝜏(1+𝜏)𝑛                                                                      (4.5) 

where n is the lifetime of ceiling board, taking as 10 years; and  is a factor related to the interest rate 

(i) and inflation rate (φ), taking as 1.5% and 2.25%, respectively [52]. According to Cuce et al. [150], 

the −factor is given by Eq. (4.6). 

𝜏 =
𝑖−𝜑

1+𝜑
     (if 𝑖  𝜑)                                                               (4.6a) 

𝜏 =
𝜑−𝑖

1+𝑖
     (if 𝑖  𝜑)                                                               (4.6b) 

The life cycle cost of cooling (CT) for a chamber is given by Eq. (4.7). 

𝐶T,Ref = 𝐶i,Ref + 𝐶Ref × 𝑃𝑊𝐹    for reference chamber                              (4.7a) 

𝐶T,FSPCM = 𝐶i,FSPCM + 𝐶FSPCM × 𝑃𝑊𝐹    for FSPCM chamber                          (4.7b) 

where 𝐶i,Ref  and 𝐶i,FSPCM  are the capital costs of gypsum board without and with FSPCM, 

respectively. In this study, 𝐶i,Ref and 𝐶i,FSPCM are taken as $4.00 and $9.00 per m2 respectively, which 

are estimated based on the wholesale material prices obtained from the suppliers. 



73 
 

Hence, the energy-related savings (ERS) for using FSPCM gypsum board are calculated from 

Eq. (4.8). 

ERS = (𝐶T,Ref − 𝐶T,FSPCM)                                                          (4.8) 

Finally, the payback period defined as the required time length to repay the cost of the FSPCM 

investment can be calculated from Eq. (4.9) [150].  

Payback period = (
𝐶i,FSPCM−𝐶i,Ref

𝐸𝑅𝑆
) × 𝑃𝑊𝐹                                              (4.9) 

4.3. Results and discussion 

4.3.1. Stability of PCM and FSPCM in CSH composites 

The stability of pure PCM and FSPCM in the calcium sulphate hemihydrate (CSH) mixture was 

characterised through leakage tests, where PCM (Fig. 4.3b) or FSPCM (Fig. 4.3c) was mixed with 

CSH (Fig. 4.3a) and a suitable amount of water. In the fresh slurry, a layer of liquid PCM appeared 

on the top of the mixture, as shown in Fig. 4.3d. However, no leakage of PCM was found when 

FSPCM was used, as evidenced in Fig. 4.3e.  

 

Fig. 4.3. Stability of form-stable PCM composites in gypsum board: (a) CSH, (b) liquid PCM, (c) 

FSPCM, (d) fresh slurry with pure PCM, (e) fresh slurry with FSPCM, (f) hardened sample with pure 

PCM, and (g) hardened sample with FSPCM. 
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PCM leakage also occur in hardened gypsum board during the phase change process. To prove 

this, hardened samples with pure PCM (Fig. 4.3f) and FSPCM (Fig. 4.3g) were placed on filter paper 

and put in an oven. The samples were kept in the oven for 6 h at a temperature of 40 or 70 C (Fig. 

4.1), which is above the melting temperature of the PCM. Any leakage of PCM would leave oily 

stains on the filter paper. After the testing, it was found that PCM leakage occurred for the sample 

containing pure PCM, as can be seen in Fig. 4.3f. To clearly show the PCM leakage, some stained 

areas were marked in the subfigure. In contrast, no visible trace of PCM leakage was found for the 

sample with FSPCM (Fig. 4.3g). It is also confirmed that there is no weight difference of the filter 

paper before and after the test. From the experiments, it can be concluded that the use of diatomite 

can eliminate leakage of PCM in gypsum board. 

4.3.2. Thermal regulating performance of FSPCM gypsum board 

The thermal performance of the gypsum board with or without FSPCM was evaluated by 

examining the indoor air temperatures of the miniaturised test chambers for three consecutive days 

(26−28 January 2019). The environmental temperatures are depicted in Fig. 4.4a and the 

measurement started at 12:00 am (midnight) on 26 January 2019. As day 1 was clear, day 2 partly 

cloudy, and day 3 overcast, the measured peak temperature decreased from 46.3 C in day 1 to 38.7 

C in day 3. The variations in the interior surface temperature of the ceiling and the indoor air 

temperature of the test chamber are presented in Fig. 4.4b and 4.4c, respectively. As can be seen from 

Fig. 4.4b, the peak temperatures of the inside surface of the FSPCM ceiling are significantly lower 

than those of the reference ceiling without PCM. The differences are 8.9, 8.8 and 3.4 °C in days 1, 2 

and 3, respectively. Meanwhile, as shown in Fig. 4.4c, the peak air temperature inside the chamber 

with a FSPCM ceiling is also reduced by an average of 3.5 °C in three days and a maximum of 4.9 

°C in day 1 when compared with the chamber with normal gypsum board ceiling. As day 3 was 

overcast and the maximum temperature was only 38.7 °C, the PCM could not be fully activated. 

However, the temperatures for day 1 and day 2 exceeded the PCM’s peak temperature. So, the PCM 

was fully activated in both days. Therefore, comparing with day 1 and day 2, the performance of the 
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FSPCM board is insignificant in day 3. The results indicate that the use of FSPCM ceiling is 

advantageous for building space cooling, thus keeping a comfortable indoor thermal environment. 

This is consistent with previous studies on PCM gypsum board. For example, Sari et al. [153] 

examined the thermal response of gypsum board with eutectic mixture of capric acid and stearic acid 

in a laboratory scale test room, and reported that the peak indoor temperature was reduced by 1.3 °C. 

In another study, a reduction of 3.1 °C in the peak indoor temperature was reported by Karaipekli et 

al. [154]. Compared with test results reported in the literature, it seems that the current gypsum board 

with FSPCM is more effective for building space cooling, which may be due to its high phase change 

latent heat (>110 J/g) and the high environmental temperatures. 

  

Fig. 4.4.  Measured data for gypsum board roof ceiling: (a) environmental temperatures from 26−28 

January 2019, (b) inner surface temperatures of gypsum board, (c) inside air temperatures of the test 

chamber, and (d) heat flux of inner surface of gypsum board ceiling. 

The influence of FSPCM on the calculated convective heat flux of the interior surface of the 

gypsum board ceiling is shown in Fig. 4.4d. The FSPCM gypsum board has sharp negative and 
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positive heat flux peaks while the normal board only has positive peaks. Meanwhile, a reduction in 

the positive heat flux fluctuation amplitude and a delay in the heat flux peak are evident for the 

FSPCM gypsum board. The results suggest that the FSPCM absorbed solar radiation and converted 

the radiation into thermal energy to improve the indoor thermal environment. 

4.3.3. Effect of FSPCM on cooling load  

The application of FSPCM gypsum board as ceiling of a building can reduce the energy 

consumption for cooling in hot summer periods. To determine the possible energy saving for using 

FSPCM gypsum board ceiling, the energy consumption to cool the test chamber is compared with 

that to cool the other chamber with reference gypsum board. The evaluation is conducted based on 

the three-day weather conditions shown in Fig. 4.4a, as they represent hot and sunny days, hot and 

partly cloudy days and overcast days. As shown in Fig. 4.4c, the inside air temperatures were used to 

calculate the cooling energy consumptions for reference and FSPCM chambers.  

The saving in energy with respect to the space cooling of the test chambers can be clearly seen 

in Table 4.2. The total amount of energy consumed to cool the internal space of the reference chamber 

is 0.0790 kWh during the three days. However, the energy consumption is reduced to 0.0662 kWh if 

FSPCM gypsum board is used. Therefore, the net energy saving is 0.0043 kWh/day, or a saving of 

16.2% in cooling energy for the use of FSPCM gypsum board ceiling. 

Table 4.2 Energy consumption and energy saving fraction. 

Day Energy consumption (kWh) Energy 

saving/day 

(kWh) 

Average energy 

saving/day 

(kWh) 

ESF 

(%)  Reference 

chamber 

FSPCM 

chamber 

1st day 0.0267 0.0214 0.0053  

0.0043 

 

16.2 2nd day 0.0312 0.0251 0.0061 

3rd day 0.0211 0.0197 0.0014 

4.3.4. Economic feasibility of FSPCM gypsum board  

A shorter payback period is usually more desirable for any investment, as it is the main 

determining factor for investment. The results of the life-cycle cost analysis are given in Table 4.3. 

According to the evaluation, the payback period by the inclusion of FSPCM is only 1.7 years. This is 

relatively short due to the effectiveness and low cost of the developed FSPCM. 
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Li et al. [145] also conducted small chamber tests to assess the feasibility of incorporating PCM 

in glazed roof, where PCM (about 1.8 kg) was poured into the closed cavity between two panes of 

glass. They reported that the PCM melting temperature has a great influence on energy saving and 

payback period. Through an economic feasibility analysis, they found that the annual energy cost 

saving increases from CNY 5 to CNY 67 and the corresponding payback period decreases from 6.2 

to 3.3 years, when the PCM melting temperature changes from 18 to 32 °C. As can be seen, the PCM 

payback period (a minimum of 3.3 years) in [145] is longer than the payback period (1.7 years) of the 

FSPCM developed in this study. Since the environmental temperatures and uses of PCM are different, 

it is difficult to make a direct comparison on payback period. However, two reasons may be primarily 

responsible for the lower payback period of the FSPCM gypsum board in this study: (1) The paraffin 

wax used in [145] is much more expensive (~AUD $6.43/kg) than most other types of PCM [155]. 

In contrast, PCM used in this study is much cheaper, which is AUD $2.1/kg on a wholesale basis; 

and has a higher melting temperature and larger latent heat than those of the PCM used in [145]. 

Table 4.3 Results of life-cycle cost analysis. 

Item Capital cost 

(AUD$) 

Total life-cycle 

cost (AUD$) 

Net ERS 

(AUD$) 

Payback period 

(year) 

Reference gypsum board 0.20 10.33 1.4 1.7 

FSPCM gypsum board 0.45 8.93 

4.4. Concluding remarks  

This chapter reported the development of a foamed gypsum board by incorporating 40 wt% of 

FSPCM for potential application in building ceiling. The FSPCM was first characterized for thermal 

stability in CSH. This was followed by the development of FSPCM-enhanced gypsum board and the 

study of its thermal storage performance compared to the control gypsum board (without FSPCM). 

The FSPCM gypsum board's efficiency for cooling load reduction in summer was evaluated in a 

miniaturized test chamber. Based on the experimental study, the following conclusions can be drawn: 

(i) The FSPCM showed good thermal stability in CSH. A significant amount of PCM leakage 

was observed when pure PCM was incorporated into CSH, while no trace of PCM leakage 

was observed for FSPCM.  
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(ii) The thermal performance test results show that the peak air temperature inside the chamber 

with a FSPCM ceiling was reduced by a maximum of 4.9 °C in the first day and an average 

of 3.5 °C in three days compared to the results of the chamber with a typical gypsum board 

ceiling.  

(iii) The use of FSPCM in gypsum board ceiling is economically feasible with cooling load 

savings of 16.2% and a payback period of 1.7 years. 

The gypsum board containing FSPCM can easily replace typical building false ceiling for 

energy conservation in real buildings. It should be noted that this study only used a small-scale 

test chamber to evaluate the performance of the FSPCM gypsum board. Undoubtedly, the test 

chamber results provide useful information for assessing the FSPCM's performance in real 

buildings. However, successful use of the FSPCM in real buildings depends on many factors, 

such as properties and amount of FSPCM used, location of the FSPCM, building ventilation 

conditions, building design and orientation, local climate, and occupants' behaviour, etc. [156]. 

Further studies should be conducted to integrate the FSPCM into real buildings' envelope for 

energy conservation and evaluate the building performance under various conditions. Analysis 

can then be undertaken to assess the life-cycle cost and energy savings of using FSPCM in real 

buildings. 
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CHAPTER 5 

Experimental and numerical study of thermal management for 

form-stable PCM enhanced board used in building envelopes 

5.1. Introduction 

In the previous chapter, the thermal energy storage technology using FSPCM-integrated gypsum 

board (FSPCM board) with a melting temperature of 36.8 °C fitted into ceilings was presented as one 

of the more promising solutions to decrease the energy demand of houses by improving their indoor 

thermal comfort. Due to its high melting temperature, this FSPCM board is not suitable for the houses' 

interior finishing applications. The FSPCM-enhanced gypsum board (FSPCM board) was 

experimentally tested in a small-chamber in Chapter 4; in contrast, the FSPCM board was applied as 

an internal furnishing material to the walls and ceiling in a model house in this chapter (Chapter 5). 

This study deals with an experimental and numerical study of the thermal efficiency performance of 

a new FSPCM board containing PCMs' melting temperature at 26 °C, that can be used for the inner 

surface of the walls and ceiling. The FSPCM boards applied to the inside of the walls and ceiling 

were field-tested to assess the thermal performance of the test houses. One test house without FSPCM 

board was used as a control. A simulation model based on EnergyPlus was developed and verified by 

the experimental test results. This model was then used to conduct the parametric analysis to further 

study the influence of PCM melting temperatures, FSPCM board thickness, and natural ventilation 

on the thermal/energy performance of the model house. The economic benefits of using the FSPCM 

board in each case through a life cycle cost analysis is also evaluated in this chapter. 

5.2. Experimental investigation 

5.2.1 Test program 

The experimental study was performed using two identical fully instrumented steel framed model 

houses with dimensions of 940 mm × 690 mm × 450 mm and designed to operate separately. The 
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model houses were built by lightweight materials and each with an east facing single-pane window 

with dimensions of 300 mm× 300 mm as well as a west facing door with dimensions of 300 mm × 

390 mm. The steel plate sandwich expanded polystyrene (EPS) with a thickness of 50 mm was used 

on the vertical walls, floor and roof of the houses. The thickness of the steel sheet was 0.6 mm. A 35 

mm thick EPS was also used in the ceiling of the houses. The schematic of the steel plate sandwich 

EPS and reference house are shown in Fig. 5.1.  The physical properties of EPS and steel are shown 

in Table 5.1.  

 

Fig. 5.1. The schematic of: (a) steel plate sandwich EPS, and (b) reference house. 

Table 5.1 The physical properties of EPS and steel. 

Material Thickness (mm) Density 

(kg/m3) 

Thermal 

conductivity 

(W/mK) 

Specific heat 

capacity 

(J/kgK) 

EPS insulationa 50 25 0.035 1400 

Steelb 0.6 7850 46.6 452 

Value suggested in a[157] and b[158] 

The test house, referred to as ‘PCM house’ in this study, added FSPCM board inside the walls 

and ceiling. The other house, referred to as ‘reference house,’ is used as the base case without 

installing the boards. In our published article [22], PCM with a melting point of 36.8 C was used to 

develop the FSPCM board for roof ceiling application. Due to the high melting temperature, this 

FSPCM board is not suitable for interior finishing applications. The roof attic is a good place to install 

this FSPCM board because it is a major source of heat gain, as the temperature in the attic could be 
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even 15−20 °C higher than the outdoor air temperature [22]. FSPCM board with a phase change 

temperature of 36.8 C could then adequately reduce the temperature of the upper floors of a house. 

Hence, in the present study, the RT-26 with a melting temperature of 26 C supplied by APACI Pty 

Ltd, Australia was used to prepare the FSPCM board for interior walls and ceiling finishing 

applications. In developing the FSPCM, diatomite was used as the supporting material. Detailed 

descriptions for the development of form stable PCM and their incorporation into gypsum board can 

be seen in our previous Chapter. The phase change properties of pure PCM and FSPCM were 

determined by DSC tests. The DSC measurement was conducted in an inert Ar gas atmosphere at a 

flow rate of 25 mL/min and a heating-cooling rate of 5 °C/min. Fig. 5.2 shows the DSC curves of the 

pure PCM (RT-26) and FSPCM and the obtained thermal properties are summarised in Table 5.2. 

 

Fig. 5.2. Measured DSC curves of pure PCM (RT-26) and FSPCM. 

As shown in Table 5.2, the PCM exhibits sharp endothermic and exothermic peaks with an onset 

melting temperature (Tm) of 26.1 °C and an onset solidifying temperature (Ts) of 25.6 °C. The FSPCM 

shows a negligible change of phase change temperatures (Tm of 26.2 °C and Ts of 25.5 °C) in 

comparison with the raw PCM. The melting and solidifying latent heats of the raw PCM are 

determined to be 184.5 and 184.1 J/g, respectively, while the corresponding values for FSPCM are 

78.8 and 78.6 J/g. Therefore, the mass fraction of PCM in the FSPCM is found to be ~ 42.7%. 
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Table 5.2 Thermal properties of pure PCM (RT-26) and FSPCM. 

Sample Heating cycle  Cooling cycle 

Tm (°C)  ΔHm (J/g)  Ts (°C ) ΔHs (J/g) 

Pure PCM 26.1 184.5  25.6 184.1 

FSPCM 26.2 78.8  25.5 78.6 

 

Gypsum boards with 40 wt% of FSPCM were tested to measure the thermo-physical and 

mechanical properties, and the results are shown in Table 5.3. The morphology of the FSPCM board 

was examined by a scanning electron microscope (SEM JEOL 6510 LV). Fig. 5.3 shows the SEM 

photographs of FSPCM boards. The morphology of FSPCM is clearly observed in the boards. In Fig. 

5.3(a,b), the FSPCM is uniformly dispersed and has interacted to form an FSPCM network in the 

boards. This means that heat can be transmitted from the outside to the inside of the boards through 

FSPCM, which leads to a quicker phase change.  

 

Fig. 5.3. SEM micrograph of FSPCM board: (a) low (left), and (b) high magnification (right). 

The specific heat capacity and latent heat of the FSPCM board were determined by DSC test. 

The thermal conductivity was measured by a hot-disc thermal constant analyser (TPS 2500 S). The 

compressive strength was measured at the universal testing machine at a cross-head speed of 0.5 

mm/min [159].  

Table 5.3 Thermo-physical and mechanical properties of FSPCM board. 

Thickness  15 mm 

Density  530 kg/m3 

Heat storage capacity  19.9 J/g 

Specific heat capacity  1984 J/kg.K 

Thermal conductivity  0.43 W/m.K 

Compressive strength  3.9 MPa 
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The test houses sit around 2 m apart from each other as shown in Fig. 5.4(a). The developed 

FSPCM boards were installed on the inner surface of the walls and ceiling, as shown in Fig. 5.4(b). 

The experimental tests that have been conducted for three selected cases to evaluate the effect of 

FSPCM boards on peak load shifting/reduction compared to the base case are as follows: 

• Base/reference case: No FSPCM board 

• Wall case: FSPCM board only used inside the walls  

• Ceiling case: FSPCM board only used inside the ceilings 

• Combined case: FSPCM board used inside both walls and ceilings  

 

Fig. 5.4. The appearance of the model house and installation of FSPCM boards: (a) model house 

appearance, (b) FSPCM board installation on the walls and ceilings. 

During the experiment, T-type thermocouples (accuracy ≤ ±0.5 °C) were used to continuously 

measure the outdoor temperature and indoor air temperature at the centre of a model house. A data 

logger (PCE-T 1200) was used to collect and record the temperature data every 60 s. Aside from this, 

a pyranometer together with data logger (HOBO Rx3000) was used for recording solar radiation data. 

The experiments were conducted on 24 February 2020 for the walls case, 18 March 2020 for the 

ceiling case, and 13 March 2020 for the combined case, respectively, in the Penrith Campus, Western 

Sydney University, Australia. The door and window always remained closed during the tests. 

5.2.2. Test results analysis 

The indoor air temperature of the model house with and without the FSPCM board, along with 

the ambient temperature, is shown in Fig. 5.5. It was observed that the reference house (without an 
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FSPCM board) showed large indoor temperature variations, and its maximum temperature values 

were over the ambient temperature. However, the house equipped with the FSPCM board had a 

narrow temperature variation and varied according to the FSPCM board's location, as reported in 

section 5.2.1 for each experiment. It is important to mention that in comparison to the reference house, 

the temperature curve for the house with FSPCM boards are right shifted. Compared to the reference 

house, the peak indoor air temperature is reduced by 4.2, 3.4, and 5.8 °C respectively in this study 

when FSPCM board has been placed on the walls, ceiling, and both walls and ceiling. Conversely, 

the minimum indoor temperatures of the house with FSPCM board are 0.8, 1.4 and 2.4 °C higher than 

that of the non-FSPCM board house. These phenomena indicate that the gypsum board incorporated 

with the FSPCM did fulfill their function of narrowing the indoor temperature swing. 

As shown in Fig. 5.5, the indoor temperature changes in the house with the FSPCM board during 

the heating process showed a two-step behaviour. At the first step, when the temperature went through 

the phase transition temperature range (~26 °C), the PCM started to melt and stored solar energy in 

the form of latent heat. This resulted in decreasing the temperature’s rising rate and reducing the heat 

from the FSPCM board integrated house in the daytime. After the PCM was fully melted, the indoor 

temperature rose at a faster rate, indicating an increasing solar heat gain for the indoor space. 

However, the heating peak lowered and shifted to a later time when compared to the reference house. 

A delay on the maximum peak temperature was observed in the PCM house by around 30, 64, and 

71 min for the wall, ceiling, and combined cases compared to the reference house. During the cooling 

process, the opposite manner was noticed as the PCM released the stored heat through the phase 

transition process. The indoor air temperature in the PCM house decreased slower compared to that 

of the reference house. Hence, the former is always higher during the nighttime. These results indicate 

that the latent heat storage of the PCM reduces indoor air temperature fluctuation and improves 

thermal comfort. From these experimental results, it is observed that the integrated FSPCM in the 

gypsum board is appropriately working, storing the heat from peak hours during daytime and 

releasing it later once the temperature is dropping. 
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Table 5.4 The peak temperature reduction and shifting –literature review. 

Object configurations and PCM type Peak 

temperature 

reduction (°C) 

Peak 

shifting 

(min) 

Reference 

Two 1.83 m ×1.83 m × 1.22 m test rooms. Macro-

encapsulated PCM frame walls (90 mm, Tm = 25 °C, 20% of 

macro-encapsulated PCM).  

0.46 60 [164] 

An outdoor test room with a dimension of 2.82 m × 2.22 m 

× 2.24 m. The PCM–gypsum board attached on the vertical 

walls of the room (13 mm, Tm = 17-22 °C, 25% of PCM). 

4.0 - [162] 

Test room 3.9 m × 3.3m × 2.7 m. The PCM-gypsum board 

attached inside of the walls and ceiling (30 mm, Tm = 21 °C, 

25% of PCM). 

1.0 - [163] 

Two 1.7 m × 1.7 m × 2.1 m test rooms. The shape-stabilised 

PCM (SSPCM) based wallboard attached inside of the walls 

and ceiling (20 mm, Tm = 25.22 °C, 95% of SSPCM). 

2.8 80 [167] 

Bricks cubicle 2.4 m × 2.4 m × 2.4 m. The PCM panels 

attached between the bricks and polyurethane in the southern 

and western walls and the roof (Tm = 28 °C, RT-27 PCM). 

1.0 - [166] 

A test room with a dimension of 3.9 m × 3.3 m × 2.7 m. The 

SSPCM plates are attached to inner surfaces of four walls 

and the ceiling as linings (20 mm, Tm = 26 °C, 80% of PCM). 

2.0 - [165] 

Concrete cubicles with a dimension of 2.0 m × 2.0 m × 2.0 

m. Micro-encapsulated PCM incorporated concrete wall 

panels (12.0 mm, Tm = 26 °C, 5% of microencapsulated 

PCM). 

3.0 120 [161] 

Brick wall test rooms with a dimension of 2.0 m × 2.0 m × 

2.4 m. Aluminium plates sandwiched PCM panels on the 

inside surface of the walls and roofs (11 mm, Tm = 26.5 °C) 

2.3 180 [160] 

Two concrete cubicles have the same dimensions of 2.4 m × 

2.4 m × 2.4 m. Microencapsulated PCM integrated concrete 

wall panels (12 mm, Tm = 26 °C, 5% of microencapsulated 

PCM). 

2.0 - [168] 

Two identical model houses with a 

940 mm × 690 mm × 450 mm. The 

FSPCM board are attached on the inner 

sides of:   

(i) the walls 4.2 30 Present work 

(ii) the ceiling 3.4 64 Present work 

(iii) the walls and 

ceiling 

5.8 71 Present work 
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A large indoor air temperature fluctuation can reduce indoor thermal comfort of residents. The 

results obtained in this study demonstrate a smaller daily indoor temperature fluctuation of the 

FSPCM house than the reference house in all cases. Therefore, the use of FSPCM board has the 

potential to improve the residents’ indoor thermal comfort. The fluctuation variance (FV) of indoor 

temperature is used to evaluate the indoor temperature fluctuation, as shown in Eq. (5.1) [102]: 

𝐹𝑉 (℃2) = {(𝑡𝑝 − 𝑡0)2}    (5.1) 

where FV is the variance (°C2), 𝑡𝑝  and 𝑡0  are the indoor peak temperature and the minimum 

temperature the following day at 12:00 AM in °C, respectively. Taking these days, as mentioned in 

section 5.2.1 for example, the FV results in the reference and PCM house for three different cases are 

shown in Fig. 5.5(d). The FV value of the PCM house is much lower than that of the reference house. 

Compared to the reference house, the FV in the PCM house is reduced by 84.0, 82.8, and 96.2% for 

the wall, ceiling, and combined cases. Hence, it is concluded that the FSPCM board had a significant 

thermal performance in reducing indoor temperature fluctuation and improved thermal comfort. 

5.3.  Numerical simulation 

As demonstrated in section 5.2.2, using the FSPCM board can reduce the peak indoor air 

temperature in hot summer days and improve the indoor thermal comfort. Thus, the FSPCM board 

has the potential to reduce energy consumption for indoor applications. However, the experimental 

optimisation of the FSPCM board through parametric analysis in the houses is time-consuming, 

relatively expensive and often impractical. Therefore, a simulation model based on EnergyPlus was 

developed, verified by experimental results, and used to conduct the parametric analysis. 

5.3.1. Numerical model 

The model house described in section 5.2.1 was considered as a case study and EnergyPlus 

software was used to model the test house. EnergyPlus is one of the most flexible and reliable building 

energy simulation tools, first released in April 2001 by the U.S. Department of Energy. It is a highly 

accredited software that has been widely used to assess the thermal performance of houses integrated 
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with PCM [20]. The EnergyPlus PCM model simulation was performed using a one-dimensional 

conduction finite-difference (CondFD) solution algorithm. To avoid errors, the time step of the 

simulation was set to 180 seconds, as recommended by Tabares-Velasco et al. [171]. The inside and 

outside surface convective heat transfer algorithms were considered from EnergyPlus TARP and 

DOE-2, respectively. For the PCM model, the CondFD algorithm was combined with the enthalpy-

temperature function shown in Eq. (5.2) that the user would input to estimate the enthalpy changing 

during phase change. The enthalpy-temperature function was used to create an equivalent specific 

heat (Cp) at each time step, according to Eq. (5.3).  

h = h(T)      (5.2) 

   𝐶𝑝(𝑇) =
ℎ𝑖

𝑗
−ℎ𝑖

𝑗−1

𝑇
𝑖
𝑗

−𝑇
𝑖
𝑗−1      (5.3) 

where Cp (T) is the specific heat as a function of temperature, h and T are the enthalpy node and 

temperature node. The enthalpy−temperature graph for the FSPCM gypsum board for this study is 

shown in Fig. 5.6.  

 

Fig. 5.6. Enthalpy curves as a function of temperature for FSPCM board. 

The experimental test data was used to produce the boundary conditions for the simulation 

including thermo-physical properties of EPS, steel, FSPCM board, solar radiation, dry-bulb 

temperature and humidity. The house is closed and directly exposed to outdoor environment. The 

window is single glazed with a U value of 5.68 W/(m2 °C). The solar heat gain coefficient and visible 
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transmittance of the window are taken as 0.855 and 0.901, respectively [172].  These values are used 

in the EnergyPlus simulation. In the parametric analysis of PCM with a different melting temperature, 

the enthalpy−temperature graph is shifted according to the melting temperature.  

5.3.2. Validation of the model 

To verify the simulation model's accuracy, the experimental data in the literature [95] were 

selected for validation.  The building geometry and operating conditions were selected according to 

their experimental study. Fig. 5.7 shows that the simulation results are in very good agreement with 

the experimental data. 

 

Fig. 5.7. Experimental and simulated zone air temperature. 

The entire multi-layered construction capacity of EnergyPlus is held so that simulations can be 

performed with the FSPCM boards' placement in any location within the building envelope [173]. 

The CondFD algorithm for simulation of PCM has been validated again with our experimental results. 

The results for simulation and experimentation are shown in Fig. 5.8. A good agreement was obtained 

between the experimental data and simulated indoor air temperature results for two successive days 

in summer. Additionally, statistical indices, namely percentage of root-mean-square error (PRMSE) 

were used for error analysis of the simulated results. The definitions of PRMSE are given by Eq. (5.4) 

[174]. 

 𝑃𝑅𝑀𝑆𝐸 =  √1

𝑛
∑ (

𝑆𝑖−𝐸𝑖

𝐸𝑖
)

2
𝑛
𝑖=1      (5.4) 
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where 𝐸𝑖 and 𝑆𝑖 are the experimental and simulated temperature values at hour i, respectively. By 

using the hourly temperature data, the obtained PRMSE value is 5.2% for walls case, 5.3% for ceiling 

case and 3.5% for combined case. These PRMSE values are within the limit of ±30% specified by 

the ASHRAE Guideline 14 for indoor air temperature [175]. Therefore, the simulation model has 

acceptable accuracy for simulation of PCM’s.  

 

  

Fig. 5.8. Hourly indoor air temperatures of the experimental and simulated models: (a) walls case 

(24-25 February 2020), (b) ceilings case (18-19 March 2020) and (c) combined case (01-02 March 

2020). 

5.3.3. Parametric analysis 

Parametric studies were performed to show the influential factors that govern FSPCM boards' 

performance for peak temperature reduction and improve thermal comfort during summer periods. 

The same model house and simulation period (one day on 24 February 2020) were adopted to conduct 
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the parametric analysis. The ambient air temperature and solar irradiations on this day are illustrated 

in Fig. 5.9. To evaluate the influence of PCM melting temperature on thermal performance, PCMs 

with melting temperatures between 23 °C and 29 °C at 1 °C interval was selected. Since the latent 

heat of PCM can be characterised by FSPCM board thickness [102], the FSPCM board thickness 

range of 10-30 mm was considered in this parametric study. Natural night ventilation by opening 

windows was also introduced from 19:00 to 7:00 to check its impact on improving the heat discharge 

efficiency of the FSPCM board.  

 

Fig. 5.9. Outdoor air temperature and solar irradiations in selected test day (24 February 2020). 

5.3.4. Numerical results analysis  

5.3.4.1. Effect of PCM melting temperature 

When enthalpy of PCM is fixed, the most influencing factor is the melting temperature of PCM. 

One-day (24 February 2020) simulation results of the indoor air temperature of the model house 

gained by using 15 mm of FSPCM boards with melting temperature of PCM within 23-29 °C range 

are shown in Fig. 5.10. In all cases, the use of PCM with a melting temperature of 23 °C (Tm = 23 °C) 

for this specific day provided the maximum peak indoor air temperature. The reason may be that this 

PCM melted earlier than other PCMs during the daytime, leading to more sensible heat accumulation 

[176]. Consequently, the heat storage rate of FSPCM board at Tm = 23 °C was decreased, which 

resulted in a lower reduction in indoor air temperature than that of the other PCMs with higher melting 

temperatures.  
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Fig. 5.10. The effect of PCM melting temperatures on indoor air temperature of PCM house: (a) 

walls case, (b) ceilings case and (c) combined case. 

Fig. 5.10 (a) shows that the peak temperature decreases when increasing the PCM melting 

temperature up to 28 °C for the wall case. With a further increase in melting temperature (Tm = 29 
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°C), the peak temperature increased and shifted to on-peak hours in mid to late afternoon [177]. 

However, for the ceiling case (Fig. 5.10b), it can be observed that the use of PCM with a higher 

melting temperature improved the indoor thermal environment and comfort conditions as measured 

by the indoor temperature, and that Tm = 29 °C considerably decreased the peak temperature in the 

daytime compared to that of other low melting PCMs. During the nighttime, the indoor air 

temperature of the house with FSPCM boards with melting temperatures of 27-29 °C is higher than 

the comfort level temperature of 26 °C specified by Australian Building Codes Board [178], This will 

make occupants experiencing thermal discomfort, as the solidification of such PCMs occurs at 

temperatures higher than 26 °C. Hence, an air conditioner would need to be used to maintain a 

comfortable level, resulting in a higher level of energy consumption. By applying FSPCM boards on 

the walls and ceiling of the studied model house, it is observed that the peak temperature reduced to 

as low as 29 °C for Tm =26 °C while further increase in the PCM melting temperature resulted in an 

increase of peak temperature and discomfort level (Fig. 5.10c). Therefore, it can be concluded that 

the FSPCM board with Tm = 26 °C performed better compared to others during the studied period for 

all cases. 

5.3.4.2. Effect of FSPCM board thickness 

Apart from the phase change temperature, latent heat is another important parameter that has a 

significant affinity for the thermal storage performance of PCM. As the FSPCM contained in the 

boards is uniform (Fig. 5.3), the thickness can characterise the latent heat of FSPCM boards. This 

means a greater thickness of FSPCM board can have more latent heat [102], resulting in an increased 

operating period, which leads to a reduction in the peak indoor air temperature. However, due to the 

increased FSPCM board thickness, the charging and discharging ability can be declined due to the 

inferior heat transfer rate in PCM material. Thus, in the interest of determining the optimum thickness 

of the FSPCM board, the investigation was repeated with a board thickness range of 10-30 mm (5 

mm intervals) in all cases, and the results are shown in Fig. 5.11. This study was performed for Tm = 

26 °C, the optimum melting point of PCM obtained in the previous section. As can be seen, the indoor 
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air temperature reduces as a higher FSPCM board thickness is used. This is because the higher 

FSPCM board thickness causes an increase in the overall thermal resistance and heat storage capacity, 

thus absorbing increasing amounts of incoming heat. As can be seen from Fig. 5.11 (a), up to 20 mm 

of FSPCM board thickness, a reduction of indoor peak temperature can be observed for the wall case.  

 

 

Fig. 5.11. The effect of FSPCM board thickness (latent heat) on indoor air temperature of PCM 

house: (a) walls case, (b) ceilings case and (c) combined case. 

A further increase of FSPCM board thickness does not affect the peak temperature while a minor 

impact on the indoor air temperature is seen. By looking at the relative reduction in peak temperature 

and economic point of view, the FSPCM board with thickness of 20 mm is the best option. In contrast 

with the walls case, a sharp decrease of peak indoor air temperature can be observed for up to 30 mm 

of board thickness, reaching as low as 31.1 °C and 27.7 °C for the ceiling and combined cases (Fig. 

5.11 (b,c)). It is relevant to mention here that for the ceiling and combined cases, the efficiency of 30 
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mm thick of FSPCM board was found to be the best. It should be mentioned that the temperature 

gradient (ΔT) between the PCM and surrounding environment performs a significant role in the PCM 

melting and freezing. The larger the temperature gradient, the faster the heat transfer rate between the 

PCM and surrounding environment. This leads to higher PCM melting or freezing rate [179]. In 

summer, solar heating through roof is the primary source of heat gain for a house. During the daytime, 

the attic temperature can be significantly higher (15-20 °C) than the outdoor air temperature [124, 

180], resulting in a large temperature gradient in the ceiling. Hence, PCM is more likely to fully melt 

in a thick FSPCM board when used in ceilings. However, the walls experience less solar heating than 

the roofs. Thus, there is a smaller temperature gradient between the walls and surrounding 

environment. This explains the low efficacy of thick FSPCM board when used wall linings [181]. In 

comparison to using an FSPCM board-only ceiling, a significant decrease in peak temperature was 

obtained by applying the FSPCM board on both walls and ceilings. However, further research is 

required to study the economic factors combined with the performance of FSPCM board applications 

in both the walls and ceiling. 

5.3.4.3. Effect of thermal conductivity 

In general, the thermal conductivity (k) is a crucial parameter that directly affects the performance 

of PCM installed in a building envelope. Typically, to be fully effective in building applications, 

PCM needs to go through a complete phase transition during a day. The overall k and heat capacity 

of PCM has a strong effect on its thermal performance in building applications. They also have a 

relative impact on each other [182]. In this section, the effect of k on the thermal performance of the 

FSPCM board without changing the heat capacity is addressed. Fig. 5.12 shows the indoor air 

temperature at different k values of the FSPCM board. As seen in Fig. 5.12 (a) from the wall case, 

the k of 0.05 W/(m.K) displays enormous temperature fluctuation, and when increasing the k value 

the temperature curves are right-shifted, while the peak indoor air temperature decreases. However, 

when k is above 0.3 W/(m.K), the indoor air temperature curves are almost identical, indicating that 
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increasing k cannot further improve thermal comfort and save energy. In contrast to the wall case, the 

opposite trend is observed when the FSPCM board is installed in ceilings. 

  

 

 

 

 

 

 

Fig. 5.12. Indoor air temperature of FSPCM board different thermal conductivity. 

  As can be seen in Fig. 5.12 (b), increasing the k of the FSPCM board causes a higher peak 

indoor air temperature, and when k is ˃0.5 W/(m.K), the temperature curves of the room are almost 

the same as each other, which is consistent with the study of Ye et al. [183]. The thermal performance 

of PCM incorporation is highly dependent on their heat storage and release rates, as well as the indoor 

and outdoor temperatures [184, 185]. When the k is < 0.3 W/(m.K), as the k is decreased, the peak 

indoor air temperature is significantly reduced. As the roof ceiling is the primary source of heat gain 

and the attic temperature is always considerably higher (15-20 °C) than the outdoor air temperature 

[22], a lower k is better for the ceiling as it reduces the heat transmission in the room. Therefore, in 
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this situation, the FSPCM board can use the latent heat to absorb the heat and utilise the higher thermal 

resistance to block the heat transfer. A similar result is found when the FSPCM board is installed in 

both the walls and ceiling (Fig. 5.12c). 

5.3.4.4. Effect of night ventilation 

To maximise the PCM's thermal storage, natural ventilation (NV) at night-time is introduced in 

the PCM house. The ventilation was applied from 19:00 pm to 7:00 am by opening 40% of the total 

area of the sliding windows. The NV should provide an advantage if the outside air temperature 

during the night is lower than that of the PCM’s melting temperature. Note that this analysis was 

conducted using an optimum FSPCM board thickness with Tm = 26 °C for the specific case.  

 

 

Fig. 5. 13. The effect of night ventilation on indoor air temperature of PCM house: (a) walls case, 

(b) ceilings case and (c) combined case. 
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Fig. 5.13 shows the simulated results of the studied PCM model house with and without NV. It 

is demonstrated that the cooling performance of the FSPCM board was increased with the operation 

of NV, as it further decreased the indoor peak temperature by 0.44 °C for the wall case, 0.34 °C for 

the ceiling case, and 1.2 °C for the combined case. 

5.4. Economic analysis 

5.4.1. Energy saving cost analysis 

In Sections 5.2 and 5.3, the impact of the FSPCM board on reducing indoor air temperature and 

improving thermal comfort was studied. The results also confirmed that the application of FSPCM 

board in both the walls and ceiling has a significant effect on energy saving. This section aims to 

verify the most effective use of the FSPCM board with a thickness of 20 mm through economic 

evaluation. The energy consumption for heating and cooling of the model house was measured using 

EnergyPlus Representative Meteorological Years (RMY) weather files for Sydney. The heating and 

cooling set-point temperatures were taken as 18 °C and 26 °C, respectively. Energy cost (EC) is the 

energy intake multiplied by the cost of cooling and heating energy. To convert the energy savings 

into cost, the energy used in heating and cooling is electric and taken as 33.33 c/kWh [22]. Energy-

saving cost (ESC) through the FSPCM board's usage in the model house for each case was calculated 

compared to the reference case (without FSPCM). Fig. 5.14 shows the EC and ESC for each case of 

the house. The energy cost savings for using the FSPCM board in the walls (wall case) of the test 

house was AU$11.2/y. However, when the FSPCM board was applied to only the ceiling (ceiling 

case), the energy cost was enhanced by 19.0% compared to the wall case. The test house showed the 

most significant savings when the FSPCM board was applied on both walls and ceiling and the energy 

cost was reduced by AU$ 12.9/y (73.6%) compared to the reference house. 
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economic feasibility of using FSPCM boards in the walls, ceiling, and both walls and ceiling of 

lightweight model houses by LCC analysis as reported in Chapter 4. Taking into account the 

simulation results in section 5.4.1, the life cycle cost savings calculated for different cases are 

presented in Table 5.5. The LCC savings in AU$ are found to be 90.2, 84.3, and 99.8 for the scenarios 

of using FSPCM board in the walls, ceiling, and both wall and ceiling, respectively. The maximum 

LCC saving is found by using the FSPCM board in the walls and ceiling. As a result of the energy 

performance, the performance of using the FSPCM board in the ceiling is lower than the other two 

cases.  However, LCC analysis showed that the FSPCM board in the ceiling had a shorter payback 

period (1.3 years) compared to the FSPCM board in walls (1.8 years) or the FSPCM board in both 

walls and ceilings (2.3 years). This result is due to the difference in the initial cost of installing 

FSPCM boards. Since the initial cost for installing the FSPCM board in the ceiling is much lower 

than the other two cases, the use of the FSPCM board in ceilings is economically more viable despite 

relatively low LCC savings. 

5.5. Conclusions 

The integration of PCM into traditional building envelopes provides numerous advantages. For 

example, the PCM can not only store thermal energy in the daytime to reduce indoor temperature 

fluctuations but also shift the peak energy demand to the off-peak hour. Reductions in energy 

demands for heating and cooling are confirmed by the FSPCM board application. The results of the 

experimental study can be summarised as follows: 

• FSPCM board applied to the walls, ceilings, and both walls and ceilings in the lightweight 

building were experimentally tested using two identical model houses at Penrith Campus, 

Western Sydney University, Australia. A maximum reduction of peak indoor air-temperature 

of 5.8 °C is found by applying the FSPCM board to the walls and ceiling. Under these 

conditions, the peak load can be shifted by up to 71 min to the off-peak period.  



101 
 

However, the performance and selection of PCMs are highly subject to the weather conditions 

where they are applied. For the FSPCM board's strategic application, parametric analysis was 

conducted using a validated simulation model (EnergyPlus) of the model house to optimise the PCM 

melting temperature and board thickness. The content of the simulation study can be summarised as 

follows: 

• The FSPCM board with a melting temperature of 26 °C is the optimum for all cases. The 

maximum reduction of peak air temperature is achieved by applying 30 mm FSPCM board in 

both the ceiling and combined cases, while the efficiency of a 20 mm board thickness is found 

to be the best in the wall case. The use of NV has an impact on further reducing the maximum 

peak indoor air temperature by 1.2 °C for the combined case.  

• The EnergyPlus simulation model was also used to analyse the energy-saving cost and 

economic efficiency. The analysed result for energy-saving cost is a maximum of AU$ 12.9 

(73.6%) in a year when compared to the reference house. Moreover, through LCC analysis, 

the FSPCM board investment recovery period was confirmed for each case. LCC saving's 

economic benefits using the FSPCM board in each case were confirmed by showing a lower 

payback period from 1.3-2.3 years compared to the service lifetime (10 years) of the FSPCM 

board. 

In this study, the energy cost of heating and cooling is decreased when the FSPCM board is 

applied to the inside surface of the walls, ceiling, and both walls and ceiling in a house.  The 

simulation model in this study was used to evaluate the effects FSPCM board in a lightweight model 

house in Sydney rather than in a real house.  Meanwhile, further studies should be conducted to use 

the FSPCM board with insulation materials in a real house for energy conservation. Analysis can then 

be conducted to evaluate the life-cycle cost and energy-savings cost, as well as payback periods for 

retrofitting houses using FSPCM board and insulation material in different weather conditions. 
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CHAPTER 6  

Combined use of phase change material and thermal insulation to 

improve energy efficiency of residential buildings 

6.1. Introduction 

As concluded in Chapter 5, diatomite based FSPCM is highly compatible with gypsum board 

and has significantly enhanced thermal inertia and TES capacity. Hence, indoor thermal comfort and 

energy efficiency could be improved when the FSPCM-enhanced gypsum board (FSPCM board) is 

incorporated into building envelopes. However, the use of thermal insulation within building 

envelopes is common practice for improving a building’s energy performance. It is not economical 

to fully replace thermal insulation with an FSPCM board for improving the energy rating of existing 

buildings. However, the combined use of FSPCM board and thermal insulation in building envelopes 

could provide an economical solution for improving energy efficiency while avoiding overheating 

issues. Therefore, it is necessary to evaluate the potential benefits in improving energy efficiency 

using the FSPCM board and thermal insulation in building envelopes. The FSPCM board using RT-

26 instead of methyl stearate was adopted in this study. However, for different climates such as 

Darwin, Alice Springs, and Sydney, the ideal melting temperatures of PCM may be different. This 

will be studied in section 6.4.1. This research study is the first attempt to quantify the benefits of 

using FSPCM board together with thermal insulation to improve the energy rating of a typical 

standalone house in different Australian climates (Darwin, Alice Springs, and Sydney) through life-

cycle cost analysis. An EnergyPlus numerical model is used to evaluate the influence of different 

parameters, such as the PCM melting temperature, board thickness, occupancy profile, and climate 

zone on energy performance. In the evaluation of energy performance, the star rating system in 

NatHERS is adopted. To further understand the potential economic benefits of the combined use of 

FSPCM board and insulation, an economic and environmental feasibility analysis is also conducted 

in this chapter.  
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6.2. Development and characterisation of FSPCM board  

6.2.1. Fabrication of FSPCM board 

In our published article [22], methyl stearate was used to develop the FSPCM board. However, 

methyl stearate has a relatively high phase transition temperature (36.8 C) and is therefore not 

suitable for use in indoor applications. In this study, RT-26 supplied by APACI Pty Ltd in Australia 

was used as PCM to produce FSPCM board instead of methyl stearate. RT-26 with a melting 

temperature of 26 C is suitable for interior surface applications. In developing the form-stable PCM, 

diatomite was still used as the supporting material. Details of the preparation of the FSPCM can be 

found in Chapter 3. 

6.2.2. Properties of FSPCM board  

The FSPCM board was prepared by incorporating a total of 40 wt.% of FSPCM into gypsum. 

Details of the preparation process can be found in Chapter 4.  Fig. 6.1a shows the produced FSPCM 

board. The specific heat capacity and enthalpy of the FSPCM board were conducted by using the 

differential scanning calorimeter (DSC; Netzsch 204 F1 Phoenix).  The DSC measurement was 

conducted in an inert Ar gas atmosphere at a flow rate of 25 mL/min and a heating-cooling rate of 5 

°C/min. The specific heat capacity of the FSPCM board is shown in Fig. 6.1b, as a function of 

temperature up to 50 °C. It can be seen that the specific heat capacity is significantly increased during 

the melting process of the PCM, where a peak value of 4.67 J/gK occurs at 28.5 °C. By integrating 

the area under the parabolic curve (22−35 C) shown in Fig. 6.2b as suggested in [121], the latent 

heat of the FSPCM board is estimated to be 19.9 J/g, which proves that the developed FSPCM board 

has a high heat storage capacity and is suitable to be used for building applications. 
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Fig. 6.1.  Thermal and mechanical properties of FSPCM board: (a) produced FSPCM board, (b) 

specific heat capacity, (c) enthalpy-temperature curve, and (d) compressive strength. 

 

The thermal performance of the FSPCM board can be evaluated from the enthalpy−temperature 

curve shown in Fig. 6.1c. The enthalpy increases slowly with the temperature until it reaches the 

melting temperature of 26 C. During the phase transition of PCM, the enthalpy increases 

dramatically. This is due to the absorption of a large amount of thermal energy during the phase 

change of PCM [186]. Once the PCM fully melts, the enthalpy once again increases slowly with the 

temperature. Table 6.1 shows the thermo-physical and mechanical properties of the FSPCM board, 

where the thermal conductivity of the FSPCM board has been measured by a hot-disc thermal 

constant analyser (TPS 2500 S) [22]. The thermal conductivity of the FSPCM board is found to be 

0.43 W/mK, which is about two times that of the pure RT-26 PCM (0.2 W/mK). The result is 

consistent with our previous findings in Chapter 3. 
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Table 6.1 Thermo-physical and mechanical properties of RT-26, FSPCM and FSPCM board. 

Material Apparent 

density 

(kg/m3) 

Heat storage 

capacity 

(J/g) 

Specific heat 

capacity  

(J/kgK) 

Thermal 

conductivity 

(W/mK) 

Compressive 

strength 

(MPa) 

RT-26 880 180.0 − 0.2 − 

FSPCM − 76.84 − − − 

FSPCM board 530 19.88 1984 0.43 3.9 

It has been widely reported that the addition of PCM may significantly decrease the strength of 

the gypsum board [187]. Accordingly, the compressive strength of the developed FSPCM board was 

evaluated. Cylindrical samples (50 × 100 mm) were prepared and tested using a universal testing 

machine at a crosshead speed of 0.5 mm/min [159]. Fig. 6.1d shows a typical compressive stress 

versus deformation curve for the FSPCM board. It was found that the compressive strength of the 

FSPCM board is 3.9 MPa, which is 62.5% higher than the required strength of 2.4 MPa for regular 

gypsum board [188]. Therefore, the developed FSPCM board is suitable for non-structural interior 

applications in buildings [189].  

6.3. Evaluation of the combined use of PCM and thermal insulation  

6.3.1. Description of the house used in simulation 

The simulation was carried out on a typical residential house in Australia, as shown in Fig. 6.2. 

The house is one of the eight sample houses used by the Australian Building Codes Board for the 

accreditation of energy rating software [190]. As shown in Fig. 6.2a, the house has four bedrooms, a 

living/dining area, a kids’ TV room, a separate toilet and bathroom, a rumpus room and a double 

garage. This house has a gross floor area of 289.6 m2, where a net area of 207.4 m2 is air-conditioned. 

The windows of the house are single glazed with aluminium frames and the doors are made of wood. 

The solid concrete slab floor covered with carpets is in direct contact with the ground.  

This house has also been adopted by Ramakrishnan et al. [191] in their parametric analysis to 

optimise PCM configurations to improve indoor thermal comfort during summer. Construction 

details and thermo-physical properties of the construction materials have been reported in [31], and 

some key information is summarised in Table 6.2. 
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6.3.2. Numerical model 

The residential house described in Section 6.3.1 was simulated using the EnergyPlus software to 

evaluate its energy-saving potential and environmental performance. This software is widely used for 

the assessment of thermal and energy performance of houses integrated with PCM [20]. In 

EnergyPlus, a PCM module is available using a one-dimensional conduction finite-difference 

(CondFD) solution algorithm, which has been verified previously by many studies [192-195]. For 

example, it has been verified by test/analytical results of drywall/fibrous insulation with distributed 

PCM or concentrated PCM layers [171, 196]. 

EnergyPlus permits the modelling of PCM using an implicit finite difference scheme, where 

Crank-Nicholson’s second-order or fully implicit first-order scheme can be chosen. In this study, the 

fully-implicit first-order scheme expressed by Eq. (6.2) is selected according to [197]. 

𝐶𝑝𝜌∆𝑥
𝑇𝑖

𝑗+1
−𝑇𝑖

𝑗

∆𝑡
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𝑗+1
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2
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)

2
, and 𝜆𝑖 = 𝜆(𝑇𝑖

𝑗+1
) if thermal conductivity is variable. In 

Eq. (2), T is the temperature of a node; i is the node being modelled; i+1 and i−1 are adjacent nodes 

to the interior and exterior of the construction, respectively;  j+1 and j represent new and previous 

time steps, respectively; Δt is the time step; Δx is the finite difference layer thickness; and Cp and ρ 

are the specific heat and density of the material, respectively.  

Since PCM has temperature-dependent Cp, EnergyPlus updates the value at every iteration 

according to Eq. (6.3). The user defines the specific enthalpy (h) value with respect to the temperature 

(T) [197].  

   𝐶p =
ℎ𝑖

𝑗
−ℎ𝑖

𝑗−1

𝑇
𝑖
𝑗
−𝑇

𝑖
𝑗−1       (6.3) 

The iteration ensures that accurate enthalpy and Cp are used in each time step. The time step for the 

simulation was set to 180 s as recommended by Alam et al. [198]. In the base model, the 

enthalpy−temperature graph shown in Fig. 6.2c is used for FSPCM board with RT-26. In the 
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parametric analysis of PCM with a different melting temperature, the enthalpy−temperature graph is 

simply shifted according to the melting temperature.  

6.3.3. Verification of the EnergyPlus model 

Rigorous verification has been performed by the EnergyPlus developers and many other 

researchers to evaluate the accuracy of the EnergyPlus CondFD algorithm. It is found that the PCM’s 

behaviour can be simulated with good accuracy [171]. To ensure the simulation’s accuracy, Tabares-

Velasco et al. [171] provided a few suggestions in developing EnergyPlus models. For example, they 

suggested that the time step should be equal to or shorter than 180 s. Meanwhile, a small node space 

(1/3 of the default value in EnergyPlus) should be used to obtain accurate hourly results. 

In this study, the above suggestions were followed in developing the simulation model for the 

selected house. It should be pointed out that Ramakrishnan et al. [191] also simulated the same house 

shown in Fig. 6.2 using EnergyPlus to evaluate the thermal performance of PCM during two 

consecutive summer days in Melbourne. To validate our EnergyPlus model, we adopted the same 

operating conditions as specified in [191]. Fig. 6.3 compares the air temperature in Bedroom 4 

between our results and those previously reported in [191], which shows very good agreement 

between them. The very minor deviation could be caused by the difference in specified time step, 

node space and/or other parameters, which were not reported in [191]. This comparison verifies the 

accuracy of the developed EnergyPlus model for conducting further parametric studies. 

 

Fig. 6.3. Verification of the EnergyPlus model (air temperature in Bedroom 4). 
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6.3.4. Description of parametric analysis 

It has been widely reported that the efficiency of PCM is highly dependent on climate conditions 

[199, 200]. One type of PCM that has the prospect of reducing the cooling energy consumption in a 

particular climate zone may increase the household cooling energy use in another climate zone [71]. 

As a consequence, there is a need to consider the influence of weather conditions when evaluating 

the energy efficiency of a passive house with PCM. Australia has a varied climate, and the present 

study only focuses on relatively hot climate regions. Accordingly, three cities, namely Darwin, Alice 

Springs, and Sydney have been selected to represent three different climate zones (i.e., tropical 

savanna, hot semi-arid, and humid subtropical), respectively. Some climate information of the three 

cities is summarised in Table 6.3. It is worth noting that the analysis conducted in this paper can be 

easily implemented for other climate zones in Australia or other countries. 

To demonstrate the potential benefits of the combined use of PCM and thermal insultation, four 

cases (Cases 1-4) were simulated to compare the results. Case 1 is the base case, where the house is 

not refurbished. Case 2 represents the refurbished of the exterior walls and ceilings using EPS and 

plasterboard finish (13 mm in thickness). Case 3 represents the refurbished of the exterior walls and/or 

ceilings using FSPCM board only. In Case 4, the exterior walls and ceilings are refurbished using 

EPS and FSPCM board finish. 

Table 6.3 Climate information of Darwin, Alice Springs, and Sydney. 

City Darwin Alice Springs Sydney 

Climate zone Tropical savanna (wet 

and dry) 

Hot semi-arid Humid 

subtropical 

Latitude 12° 27' 46.18'' S 23°41'50.9" S 33° 51' 54.51'' S 

Longitude 130° 50' 30.41'' E 133°53'1'' E 151° 12' 35.64'' E 

Elevation (m) 31 545 19 

Mean annual maximum 

temperature (°C) 

32 28 22 

Mean annual minimum 

temperature (°C) 

23 13 13.5 

Solar radiation 

(kWh/m2y)  

2117 2248 1862 
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The simulation was carried out over a period of one year to estimate the total energy consumption 

(TEC) for heating and cooling based on the typical meteorological year weather data available in 

EnergyPlus. In the simulation, the essential settings were chosen as follows: 

• The cooling set-point temperature was taken as 26 °C according to the Australian standard 

[178]. 

• For the heating thermostat setting, 18 °C was specified from 7:00 am to 9:00 am and 16:00 

pm to 24:00 am and 15 °C was used from 24:00 am to 7:00 am for sleeping spaces (bedrooms 

including the bathroom and dressing room). Meanwhile, 20 °C was specified for living spaces 

(kitchen and living/dining room) according to NatHERS [201]. 

• The value of TEC was obtained by using the “Ideal Load Air System” module in EnergyPlus 

[198]. 

• Natural night ventilation was introduced from 19:00 pm to 7:00 am by opening 40% of the 

total area of the sliding windows to improve the heat discharge efficiency of the FSPCM 

board.  

The general expectation was that the energy rating of a house will increase with the increasing 

thickness of the insulation layer or the FSPCM board. However, this may not be cost-effective if the 

chosen thickness is too high. In this study, the optimal thickness of the insulation layer/FSPCM 

board was determined based on a life cycle cost analysis to compare the life cycle savings and 

payback period of the investment. Details of the life cycle cost analysis are given in Section 6.3.5. 

The following parameters were studied in the parametric analysis for houses with different 

refurbishment strategies (Case 1-4) in three different climates (Darwin, Alice Springs, and Sydney): 

• Thickness of the EPS insulation (50, 80, 110, 140, 170, and 200 mm) 

• Thickness of the FSPCM board (10, 15, 20, 25, 30 mm) 

• Installation of the FSPCM board for (i) all exterior walls and ceilings, (ii) only the exterior 

walls, and (c) only the ceilings 
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• A trial study was conducted to determine the optimal melting temperature of PCM in the range 

of 18−30 °C at 1 °C intervals. Based on the total energy consumption for heating and cooling, 

it was found that the optimal melting temperature is always around the cooling set-point 

temperature (26 °C) specified for different climate conditions. Hence, only a narrower range 

between 24−29 °C was considered for the PCM melting temperature in the following parametric 

study. 

• The occupancy schedule was also an important parameter affecting the energy consumption 

for space heating and cooling. In Australia, a total of seven occupancy patterns were specified 

based on the household nature [202]. In this study, we choose two major occupancy patterns 

to study the house energy consumption and star rating: (1) the house is occupied all day (the 

occupants may be aged or have an infant to look after), which is the default and worst scenario; 

and (2) the house is unoccupied from 9:00 am to 17:00 pm (the dwellers may have full-time 

employment). To simplify the simulation, the first occupancy pattern was adopted throughout 

the analysis except for the parametric analysis conducted in Section 6.4.4,  

After conducting the EnergyPlus simulation, the value of TEC for heating and cooling could be 

determined for each scenario. The information could then be used to determine the house star rating 

according to Fig. 6.4 [203] for a specific house location.  

 

Fig. 6.4.  Classification of star bands based on the annual heating and cooling requirements. 
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The maximum energy loads corresponding to the NatHERS star bands in 0.5 star increments are 

shown in Table 6.4 for each city. The annual energy consumptions for heating and cooling in 

megajoules (MJ) per unit area (MJ/m2.year) of the designated house were calculated using 

EnergyPlus software and compared with the star rating criteria given in Table 6.4 to determine the 

house’s energy rating. For the base house without renovation in Sydney, it requires a total heating 

and cooling energy of 165.1 MJ/m2y to maintain the indoor temperature within a comfortable range. 

According to Table 6.4, the base house in Sydney has a star rating of 1.8.  Similarly, the base house 

is estimated to have 3.7 and 2.2 stars in Darwin and Alice Springs, respectively. Apparently, there is 

a need to take suitable measures to improve the energy efficiency of the base house in each city. It is 

expected that a minimum six-star rating should be met after renovation. 

Table 6.4 Maximum allowable energy consumptions corresponding to the NatHERS energy star 

ratings in each climate zone [203]. 

6.3.5. Life cycle cost analysis for economic evaluation 

The life cycle cost analysis (LCCA) approach is applied in evaluating the economic and 

environmental benefits of energy related building renovation. The life cycle cost is the total expense 

over the lifetime of the used materials. In calculating the life cycle cost, the present value of all 

expenses must be determined to include the initial cost (materials and installation costs) and future 

operation costs (energy cost for heating and cooling). In this study, the costs of EPS, plasterboard and 

FSPCM board are taken as $133, $308 and $705 per m3, respectively, which are estimated based upon 

wholesale material prices obtained from suppliers. The installation costs for walls and ceilings are 

taken as $4.6 and $6.75 per m2, respectively, based on quotes obtained from Insulation Australia. The 

present value of the future energy cost depends upon the lifetime period, as the inflation rate varies 

with time. In this study, a life cycle of 10 years is considered. Hence, the energy cost over the lifetime 

Location Energy rating (stars) 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 

Energy consumptions (MJ/m2.year) 

Darwin 853 773 706 648 598 555 516 480 446 413 381 349 317 285 253 222 192 164 140 119 

Alice 

Springs 
681 562 464 385 321 269 228 196 170 148 130 113 99 84 70 56 43 29 17 7 

Sydney 286 230 184 148 120 98 81 68 58 50 44 39 35 30 26 22 17 13 9 6 
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is converted to the present value by multiplying it by the present worth factor (PWF). PWF is 

calculated from Eq. (6.4) based on the interest rate (i) and inflation rate (φ) [22]. 

𝑃𝑊𝐹 =
(1+𝜏)𝑛−1

𝜏(1+𝜏)𝑛
                                                              (6.4) 

where n is the number of operating years, taken as 10 years; and  is a factor related to the values of 

i and φ, taken as 1.5% and 2.25%, respectively [22]. The −factor is given by Eq. (6.5) [22]. 

𝜏 =
𝑖−𝜑

1+𝜑
     (if 𝑖  𝜑)                                                    (6.5a) 

𝜏 =
𝜑−𝑖

1+𝑖
     (if 𝑖  𝜑)                                                       (6.5b) 

According to the LCCA approach, the total cost (𝐶T) is the sum of the initial cost and the present 

value of future energy costs for the operating period. Hence, the value of 𝐶T can be calculated based 

on Eq. (6.6) [22, 204]. 

𝐶T = 𝐶𝑖 𝜒 + 𝐶E × 𝑃𝑊𝐹      (6.6) 

where 𝐶𝑖 is the initial cost or actual cost ($/m3); 𝜒 in the material volume (m3); 𝐶E is the energy cost 

in the first year, which is calculated based on an electricity price of $33.33 c/kWh. 

The life cycle savings (LCS) is the difference between the saved energy cost over the lifetime 

(𝐶T,Ref) and the total cost (𝐶T). Hence, the value of LCS is calculated by using Eq. (6.7) [22]. 

𝐿𝐶𝑆 = 𝐶T,Ref − 𝐶T                                                         (6.7) 

where 𝐶T,Ref is the difference in life cycle energy cost between the base house and the refurbished 

house. It is desirable to have higher life cycle savings, which often means a shorter payback period. 

The payback period of investment is calculated by using Eq. (6.8) [22]. 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 (𝑃𝑃) =  
𝐶𝑖

𝐿𝐶𝑆
× 𝑃𝑊𝐹                                           (6.8) 

where 𝐶𝑖 is the initial investment for materials and installation. 

6.3.6. Evaluation of indoor thermal comfort 

It has been widely reported that highly insulated and air-tight building envelopes lead to 

overheating in summer [8]. The use of the FSPCM board can mitigate this effect and increase indoor 
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thermal comfort during this period. To prove this, the indoor thermal comfort was analysed first for 

the refurbished house with EPS insulation (with an optimised thickness) and plasterboard finish. The 

simulation was run again for the house with optimised combinations of EPS insulation and FSPCM 

board. It should be noted that air-conditioning was not considered in these simulations. After this the 

intensity of thermal discomfort (ITD) due to overheating could be calculated for each case and 

compared with each other. ITD is defined as the time integral of the difference between the indoor 

operative temperature and the upper limit of comfort temperature (26 °C). Accordingly, ITD can be 

determined according to Eq. (6.9) [205]: 

𝐼𝑇𝐷 = ʃ𝑃 ∆𝑇+ (𝜏). 𝑑𝜏                                                   (6.9) 

∆𝑇+(𝜏) = {
𝑇𝑜𝑝(𝜏) − 𝑇over      if 𝑇𝑜𝑝(𝜏)  𝑇over

0                              if 𝑇𝑜𝑝(𝜏) < 𝑇over
                                (6.10) 

where P is the period over which the integration is performed, taken as one year in this study; and  

𝑇𝑜𝑝(𝜏) is the indoor operative temperature taking as the average of the indoor air dry-bulb temperature 

and the mean radiant temperature [191, 206]  and 𝑇over  is the upper limit of comfort temperature (26 

°C).  The operative temperature was determined by using the EnergyPlus software. 

6.4. Results and discussion 

6.4.1. Influence of phase change materials on house star rating 

In this section, the effects of installation location, thickness and melting temperature of the 

FSPCM board on the annual heating, cooling and total energy consumption (TEC) of the house have 

been evaluated. It should be noted that the evaluation was conducted without considering natural 

ventilation, as the focus is on the year-round thermal performance of PCM. The impact of natural 

ventilation will be addressed in Section 6.4.2. The analysis was conducted for Case 3 where only the 

FSPCM board was used for renovation. Based on the annual energy consumption per square metre, 

the house star rating could then be determined. Fig. 6.5 shows the annual energy performance after 

installing FSPCM board with a thickness of 10 mm (tb = 10 mm) and a PCM melting temperature of 

26 °C (Tm = 26 °C).  The FSPCM board was considered to be applied to either the inner surface of 
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can reduce the TEC by 14.6% (from 360.8 to 308.0 MJ/m2.y), which increased the house’s energy 

rating by ~0.4 stars (from 2.2 to 2.6 stars). For Sydney with a humid subtropical climate, the 

application of PCM can reduce energy consumption for both cooling and heating. The optimal Tm is 

18 °C when considering the reduction in heating energy only, but the optimal Tm is 25 °C to minimise 

the cooling energy consumption (Fig. 6.6c). Since the cooling energy consumption is about two times 

the heating energy consumption in this city, the optimal Tm should be taken as 25 °C to maximise 

savings in TEC. Using FSPCM board with this melting temperature, the TEC in Sydney is reduced 

by 19.6% (from 165.0 to 132.6 MJ/m2.y) and the house’s energy rating was increased by ~0.5 stars 

(from 1.8 to 2.3 stars). 

Apart from the melting temperature, another important parameter is the quantity of PCM used 

for improving the energy rating of the house. In this study, the quantity of PCM was changed by 

increasing the thickness of the FSPCM board (tb) from 10 to 30 mm. It is not economical to use 

FSPCM board with a thickness greater than 30 mm in practice. It should be mentioned that the optimal 

PCM melting temperature Tm determined from Fig. 6.6 is only applicable to the scenario with a fixed 

FSPCM board thickness of 10 mm. The value of Tm changes slightly when tb increases. Therefore, 

further analysis was conducted on the total annual energy consumption in Case 3 by considering 

different combinations of Tm (24−29 C) and tb. As shown in Fig. 6.7, TEC decreases with increases 

in tb, and this tendency is independent of the climate conditions and the PCM melting temperature. 

However, the optimal value of tb should be determined based on life-cycle economic analysis, which 

will be discussed in Section 6.4.4. It was also found that the optimal Tm varies slightly when tb 

changes. For example, in Darwin with a tropical climate, the optimal Tm is 26 °C when tb is in the 

range of 10−20 mm and increases to 27 °C when tb increases to 25 or 30 mm (Fig. 6.7a). However, 

for Alice Springs with a hot semi-arid climate, the optimal Tm is 27 °C for FSPCM board with tb of 

10−15 mm, then increases to 28 °C for FSPCM board with tb of 20−30 mm (Fig. 6.7b). In Sydney 

with a humid subtropical climate, the optimal Tm is 25 °C for FSPCM board with tb of 10−15 mm, 

and 26 °C for FSPCM board with tb of 20−30 mm (Fig. 6.7c). By applying FSPCM board with tb of 
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house in Alice Springs and Sydney. The values of TEC reduced by 5.6% and 6.8% due to natural 

ventilation for the base house and PCM house in Alice Springs, respectively. NV had an even more 

significant effect on thermal performance of houses in Sydney; the corresponding reductions in TEC 

were 28.8% and 24.3% for the base house and PCM house, respectively. Although both Alice Springs 

and Sydney have hot summer days, the large diurnal temperature fluctuations help to reduce the 

indoor temperature at night-time through NV. This is especially true for Sydney. For the PCM house, 

NV led to an increase in star rating by 0.2 stars (from 3.5 to 3.7) in Alice Springs and 0.8 stars (from 

3.1 to 3.9 stars) in Sydney. In the following analysis, natural ventilation was not considered for 

Darwin, but applied to the studied house in Alice Springs and Sydney. 

6.4.3. Combined use of FSPCM board and thermal insulation on energy performance 

Since it is not cost-effective to only use the FSPCM board to achieve the desired energy rating, 

the feasibility of using the FSPCM board in combination with conventional thermal insulation to 

improve the house energy performance is evaluated in this section. It should be noted that the optimal 

PCM melting temperature determined in Section 6.4.1 is used in the analysis based on tb and the 

relevant climate conditions. 

The calculated values of TEC are shown in Table 6.5 for the house refurbished with different 

thicknesses of FSPCM board (tb) and EPS insulation (tEPS). In general, TEC decreases with increasing 

tb or tEPS. It was found that the use of EPS insulation is very effective in reducing TEC. For instance, 

the use of 50-mm-thick EPS with a 13-mm-thick plasterboard finish can significantly reduce TEC 

from 501.7 to 331.9 MJ/m2.y in Darwin. However, further increasing tEPS only slightly reduces TEC. 

For example, the TEC of the house reduces from 331.9 to 298.6 MJ/m2.y in Darwin when tEPS 

increases from 50 to 140 mm. In contrast, the combined use of FSPCM board and thermal insulation 

can be more effective in reducing TEC. The TEC of the same house is only 292.8 MJ/m2.y when 10-

mm-thick FSPCM board is used in combination with 50-mm-thick EPS.  

From Table 6.5, it can be postulated that the combined use of FSPCM board and thermal 

insulation can significantly improve the energy rating. In Darwin, an energy rating of 7.1 stars can be 
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achieved for the house refurbished with 30-mm-thick FSPCM board in combination with 50-mm-

thick EPS. Similarly, energy ratings of 6.1 and 6.4 stars are achieved in Alice Springs and Sydney, 

respectively, when the house is refurbished with 25-mm-thick FSPCM board in combination with 80-

mm-thick EPS.  

Table 6.5 Effect of combined use of FSPCM board and thermal insulation on the TEC. 

  TEC (MJ/m2.y) 

 tEPS 

(mm) 

tb =0 

(mm) 

tb =10 

(mm) 

tb =15 

(mm) 

tb =20 

(mm) 

tb =25 

(mm) 

tb =30 

(mm) 

Darwin 0 501.7 449.8 429.3 413.1 400.0 389.8 

 50 331.9 292.8 285.6 282.7 281.3 279.6 

 80 314.4 276.9 270.7 268.1 267.0 266.0 

 110 304.9 268.7 263.2 260.6 259.2 258.8 

 140 298.6 263.2 257.8 255.5 254.2 254.0 

 170 294.5 259.2 254.3 252.4 251.6 251.0 

 200 291.2 256.5 251.9 249.5 249.4 248.6 

Alice Springs 0 342.3 294.1 270.5 249.1 230.9 215.5 

 50 181.1 145.8 133.2 125.8 120.6 116.7 

 80 165.7 131.9 121.3 115.1 110.7 107.6 

 110 157.4 124.8 115.0 109.3 105.5 102.7 

 140 152.2 120.3 111.1 105.7 102.2 99.5 

 170 148.5 116.9 108.4 103.3 99.8 97.6 

 200 145.6 114.4 106.2 101.4 98.2 96.0 

Sydney 0 117.6 99.4 90.6 82.7 76.0 70.5 

 50 63.0 47.4 42.8 39.8 37.6 36.1 

 80 58.4 42.9 38.7 36.1 34.3 33.0 

 110 56.0 40.5 36.6 34.2 32.6 31.3 

 140 54.4 38.9 35.3 33.0 31.4 30.3 

 170 53.3 37.9 34.3 32.2 30.7 29.7 

 200 52.3 37.0 33.6 31.6 30.2 29.1 

6.4.4. Thickness optimisation of EPS insulation and FSPCM board  

It has been reported in the previous section that the energy rating of a house increases with 

increasing tb or tEPS, leading to reduced energy consumption. However, the material cost will also 

increase with increasing thickness, which eventually outweighs the energy savings. Therefore, it is 

necessary to find out the optimal thicknesses of the EPS and FSPCM board based on the LCCA 

approach described in Section 6.3.5.  

Fig. 6.9 shows the method to determine the optimal thickness of the EPS insulation/FSPCM 

board. For example, the thickness of the EPS insulation can be established first. Then the thickness 
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of the FSPCM board can be changed from 0 to 30 mm. Based on the selected tb and tEPS, the initial 

cost 𝐶i can be determined. EnergyPlus simulation is then conducted to determine the annual energy 

cost (𝐶E), followed by the calculation of the total cost (𝐶T) based on Eq. (6.6). 𝐶T can be depicted in 

Fig. 6.9 as a function of tb. Initially, 𝐶T decreases with increasing tb, but increases again after reaching 

a minimum value. Obviously, tb corresponding to the minimum 𝐶T provides the optimal thickness of 

FSPCM board to achieve the maximum economic benefit at a certain tEPS [208]. The optimisation can 

be further conducted to find out the optimal value of tb corresponding to different values of tEPS. Then 

the best combination of tb and tEPS can be found to achieve the overall maximum economic benefits. 

 

Fig. 6.9. Method to determine optimal thickness of EPS insulation/FSPCM board.  

Table 6.6 Optimal thicknesses of EPS insulation and FSPCM board for different cities. 

City  Optimal thickness (mm) 

  EPS only  FSPCM only  Combined use 

    EPS FSPCM board 

Darwin  65  25  65 25 

Alice Spring  70  30  62 30 

Sydney  65  20  60 20 

 

The optimal thicknesses of EPS insulation and FSPCM board are shown in Table 6.6 for the 

house in Darwin, Alice Springs and Sydney. For comparison purposes, the optimal thickness is also 

presented for the cases with EPS or FSPCM board only. The optimal value of tEPS is in the range of 

65-70 mm for using EPS only. When only the FSPCM board is used, the optimal thicknesses of the 
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board are 25, 30 and 20 mm in Darwin, Alice Springs and Sydney, respectively. For the combined 

use of EPS insulation and FSPCM board, the optimal thicknesses of the two layers do not change 

greatly compared with the sole use of EPS insulation or FSPCM board. 

The payback period (PP) was calculated using Eq. (6.8) based on the predicted life cycle savings 

(LCS) from Eq. (6.7). Table 6.7 shows the values of PP and LCS when adopting the optimal 

thicknesses of EPS and FSPCM board presented in Table 6.6. The energy rating results are also shown 

in the table for the house after renovation. It was found that the sole use of EPS is more economical 

and effective in improving the star rating of the house than the sole use of FSPCM board. However, 

an energy rating of 6.4 stars was only achieved in Darwin when using EPS only. In other cases, the 

minimum energy rating of six stars was not achieved by using EPS or FSPCM board only. In contrast, 

obvious benefits could be found for the combined use of EPS and FSPCM board. In general, the value 

of PP for the combined scenario is shorter than that of the scenario using FSPCM board only, and 

close to that of the scenario using EPS only. Meanwhile, the energy rating of the house can be 

significantly improved in the combined scenario; the minimum six-star target can be met in all three 

cities. It should be noted that it is not economically and technically viable to only increase the 

thickness of EPS to meet the minimum six-star target in Alice Springs and Sydney. Even if the EPS 

thickness is increased to 200 mm, the energy ratings of the house can only be increased to 5.1 and 4.9 

stars in the two cities, respectively. Using such significant insulation thickness, the usable space of 

the house will be significantly reduced. 

Table 6.7 Results of LCCA in different climate zones. 

City EPS only  FSPCM only  Combined use 

 LCS 

(AU$/m2) 

PP 

(yrs) 

Stars  LCS 

(AU$/m2) 

PP 

(yrs) 

Stars  LCS 

(AU$/m2) 

PP (yrs) Stars 

Darwin 137.3 1.6 6.4  66.7 3.4 5.2  167.0 2.2 7.2 

Alice Springs 129.4 1.8 4.5  83.4 3.4 3.7  162.3 2.5 6.0 

Sydney 27.9 8.0 4.4  12.8 13.7 3.4  39.7 7.5 6.1 

 

Because of the benefits resulting from the combined use of EPS and FSPCM board, further 

enviro-economic analysis was conducted for this scenario. Currently, the electricity generation in 
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Australia is still heavily reliant on fossil fuels such as coal. Statistics show that electricity generation 

from coal in Australia accounted for 58% of total generation in 2019 [209]. In this analysis, we 

assumed that the energy saving from house renovation could reduce the consumption of electricity 

generated from coal. According to [210], around 0.81 kg of CO2 is emitted per kWh for Sydney and 

0.62 kg of CO2 is emitted per kWh for both Darwin and Alice Springs. A carbon pricing scheme was 

implemented in Australia in 2012 only to be repealed in 2014. As the Northern Territory government 

did not impose any carbon price separately in 2014, there is no carbon price available in the open 

literature for Darwin and Alice Springs. Therefore, we have taken the 2014 carbon price 

AU$25.40/tCO2 based on the Australian government policy for analysis [211]. The results of the 

enviro-economic analysis for the combined case are shown in Table 6.8. In the enviro-economic 

analysis, we first determined the energy savings (Esavings) from renovation in the life cycle. Then the 

CO2 savings (
CO2

) were calculated as Esavings  kg CO2/kWh. Finally, the environmental cost savings 

were determined as 
CO2

  AU$25.40/tCO2. 

The results of the enviro-economic analysis found that significant reduction in carbon emissions 

can be achieved through the combined use of EPS and FSPCM board. The environmental cost savings 

are more significant in Darwin and Alice Springs than in Sydney. This is because relative less thermal 

energy consumption is required in Sydney than in the other two cities. Therefore, the relative energy 

savings in Sydney is also lessened. In general, it can be concluded that the combined use of EPS and 

FSPCM board is environmentally viable for renovating Australian houses in the three selected cities. 

Table 6.8 Results of enviro-economic analysis. 

City Energy savings in life 

cycle (kWh) 

Savings in CO2-eq 

(kg/m2) 

Environmental cost savings 

(AU$/m2) 

Darwin 613.65 380.5 9.7 

Alice Springs 614.45 380.9 9.7 

Sydney 212.0 171.7 4.4 

 6.4.5. Impact of occupancy profiles 

In the previous sections, we only considered the worst scenario (Scenario 1), i.e., the house is 

occupied for 24 hours a day. In this section, we study the effect of the occupancy schedule on the 
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energy consumption of the house. The second scenario (Scenario 2) is further considered, where the 

house is unoccupied from 9:00 am to 17:00 pm, and so the heating, ventilation and air-conditioning 

system are not used during that period, potentially saving on energy consumption. This analysis was 

conducted on the house refurbished with the optimal thicknesses of EPS and FSPCM board as 

described in the last section. 

Table 6.9 shows the energy consumption for the two occupancy schedules in the three cities. 

Compared with Scenario 1, Scenario 2 led to significant reduction in energy consumption and an 

increase in life-cycle savings (40.3−50.3%). Meanwhile, the star rating of the house increased further. 

Because of the change in occupancy schedules, the energy rating of the house was improved by 1.9 

stars (from 7.2 to 9.1 stars) in Darwin, 1.6 stars (from 6.0 to 7.6 stars) in Alice Springs and 2.2 stars 

(from 6.1 to 8.3 stars) in Sydney. The analysis highlights the need to establish a realistic occupancy 

schedule in determining energy consumption and the energy rating for a house. 

Table 6.9 Impact of occupancy schedule on annual energy consumption.  

City Energy consumption 

(MJ/m2.y) 

 Life-cycle savings (LCS) 

Scenario 1 Scenario 2  AU$/m2 % 

Darwin 271.9 159.9  99.7 41.2 

Alice Springs 112.2 67.0  40.3 40.3 

Sydney 38.2 19.0  17.1 50.3 

6.4.6. Indoor environment characteristics 

Indoor thermal comfort was analysed following the method described in Section 6.3.6, where 

two consecutive summer days (16−17 December) were chosen for the analysis. One of the bedrooms 

in the house (Bed 2) was chosen to demonstrate the simulation results, as shown in Fig. 6.10. Fig. 

6.10 (a-c) shows the temperature variations in the selected bedroom of the house in Darwin, Alice 

Springs, and Sydney. The average maximum and minimum peak temperatures in the two days are 

shown in Table 6.10. Without the use of air-conditioning, the indoor temperature was always higher 

than that of the outdoor temperature when only the EPS was used with a plasterboard finish. This 

would lead to significant overheating in summer. When FSPCM board was used in combination with 

EPS, it is not surprising that the indoor temperatures were reduced in the daytime but increased at 
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54.2% in Sydney. The results confirm that the combined use of EPS and FSPCM board is superior to 

the sole use of EPS in improving the indoor thermal comfort by reducing the overheating. 

6.5. Conclusions 

Australia requires a minimum of six stars for the energy rating of all new houses or renovations 

of existing houses. In particular, there is a need to improve the poor energy efficiency of many 

existing old houses. Although providing thermal insulation to the external walls and ceilings is a 

common practice for this purpose, the combined use of phase change materials (PCM) and thermal 

insulation in building envelopes could potentially provide some additional benefits. Accordingly, the 

EnergyPlus software has been used to evaluate the energy performance of a typical standalone house 

in Australia retrofitted with expanded polystyrene (EPS) insulation in combination with form-stable 

PCM (FSPCM) board. The conclusions from this study include: 

(1) The FSPCM board can be effectively applied to both the exterior walls and ceilings. The 

optimal melting temperature of PCM varies from 25 to 28 C in Darwin, Alice Springs, and 

Sydney, depending on the climate conditions and the thickness of the FSPCM board. The 

natural ventilation at night improves the house's energy performance in Alice Springs and 

Sydney, but reduces its energy performance in Darwin  

(2) The use of EPS insulation is very effective in reducing thermal energy consumption (TEC), 

but further increasing the insulation thickness only slightly reduces TEC. On the other hand, 

it is not cost-effective to only use FSPCM board to achieve a desired energy rating. The 

combined use of FSPCM board and thermal insulation can be more effective in reducing TEC 

and achieving a minimum six-star rating. 

(3) Optimal thicknesses of EPS insulation and FSPCM board have been suggested for the 

analysed house in Darwin, Alice Springs and Sydney. The optimal thickness of insulation is 

in the range of 60−65 mm, whereas that of the board ranges from 20 to 30 mm.  

(4) In a life cycle of 10 years, the total savings for the optimal combination of PCM board and 

insulation in Darwin, Alice Springs and Sydney are AU$167.0, $162.3 and $39.7 /m2, 
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respectively. Meanwhile, the energy ratings of the house are increased by 3.5, 3.8 and 4.3 

stars in the three cities, respectively. The combined use of PCM and thermal insulation in the 

life cycle can generate an annual carbon credit potential ranging between AU$ 4.4 and AU$ 

9.7 /m2. The payback periods of the renovation range between 2.2 and 7.5 years, depending 

on the climate conditions. 

In this study, the impact of the local outdoor climatic condition on the performance of FSPCM 

board with insulation materials was evaluated for three different Australian cities (Darwin, Alice 

Springs and Sydney), aiming to achieve minimum six-star rating house requirements and suggest 

their optimum design parameter of thickness value through a life cycle cost analysis. Nevertheless, 

to build an energy-efficient house, the design variables and construction parameters directly 

connected to heat transfer processes need to be optimised. Therefore, further studies should be 

conducted to optimise the different design variables and construction parameters to that may lead to 

a high-energy efficiency house. 
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CHAPTER 7 

Sensitivity analysis for house energy efficiency and their cost 

effectiveness 

7.1. Introduction 

Energy efficiency within houses is an idea that seeks to develop strategies in reducing energy 

demand for heating and cooling while still achieving the required thermal comfort levels. An analysis 

was made in the previous chapter that assessed the benefits of using FSPCM board together with 

thermal insulation in improving house energy efficiency. In Chapter 6, we evaluated the impact of 

local outdoor climatic conditions on the performance of FSPCM board with insulation materials for 

three different Australian cities (Darwin, Alice Springs and Sydney) in achieving minimum six-star 

rating house requirements and suggested their optimum design parameter of thickness value through 

a life cycle cost analysis. However, to build an energy efficient house, the design variables and 

construction parameters connected to heat transfer processes need to be optimised [5, 212, 213]. This 

chapter outlines some standards developed for improving the energy efficiency of houses by reducing 

the energy consumption for heating and cooling. These standards are based on adopting proper 

parameters for thermal insulation, orientation, FSPCM board (thermal mass), ventilation, window 

shading coefficient, and glazing type. Finally, the house model is optimised relating to life cycle cost, 

and the set of design variables required to a minimum energy rating standard in PCM-enhanced 

residential houses in Sydney are presented. Since Sydney's climate is humid subtropical, shifting from 

mild and cool in winter to warm and hot in the summer, a house’s energy consumption is required for 

both heating and cooling. Thus, the house design optimisation adopted in this study focuses on 

Sydney. 
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7.2. House modelling 

The base-case in this study was a typical residential house in Sydney with a 289.6 m2 floor area, 

as reported in Chapter 6 where all design variables were applied and examined. The house was 

modelled using EnergyPlus 8.4.0. The fixed parameters of the house were its floor area and height. 

The thermostat setting for cooling and heating systems was adjusted according to the Australian 

standard, as reported in Chapter 6 (section 6.3.4). The house models were provided with boundless 

electric heating and cooling energy to determine the space energy need for each set of design 

variables. All windows were single glazed with aluminium frames (U = 5.68 W/(m2 °C)), one of the 

most commonly used window types for a new house in Sydney. The design variables' primary setting 

was an air infiltration rate of 0.6 ACH, with walls and roof fully exposed to sun, and internal blinds 

that provided the window with a shading coefficient of 0.9. For energy efficient building design, a 

large series of alternative designs of such residential houses should be considered in seeking an 

optimal solution in the design space. For the studied house, we pre-defined 8 design variables and 

their different values as shown in Table 7.1.  Premised on these investigations, the suggested value 

for every design variable was fixed to gain a high energy efficiency performance residential house.  

Table 7.1 House parameters for simulations 

Variable Parameter description Parametric set 

V01 Ceiling insulation (resistance; m2.K/W) 0, 0.571, 1.143, 1.714, 2.286, 

2.857 

V02 Wall insulation (resistance; m2.K/W) 0, 0.571, 1.143, 1.714, 2.286, 

2.857 

V03 Orientation North, East, South and West 

V04 FSPCM board’s location in walls and 

ceiling 

Inside, outside in the insulation 

V05 Natural ventilation (air changes per hour) 0, 2, 5 

V06 Infiltration (air changes per hour) 0.6, 2, 5, 10, 15.5 

V07 Window shading coefficient 0.1, 0.3, 0.5, 0.7, 0.9 

V08 Window glazing (U-value) Single (U = 5.68), Double (air-

filled; U = 2.83), Double (Ar-

filled; U = 1.4) 
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The different values for each of the design variables in the above Table 7.1 were selected based on 

the following:  

• Wall and ceiling insulation (resistance; m2.K/W): The insulation level or R-value (m2.K/W) 

is a measure of resistance to heat flow through a given thickness of the material. The R-value 

of a material can be calculated by dividing its thickness by its thermal conductivity. Here, the 

R-value is considered based on the insulation thickness from 0 to 100 mm (R = 2.857 m2.K/W 

) in an interval of 20 mm.  

• Natural ventilation rate (ACH): A maximum ventilation rate of 5 ACH is realistic and 

achievable for a typical air-conditioned house [214].   

• Infiltration (ACH): The average infiltration air charge rate of homes constructed in Australia 

is 15.5 at a pressure difference of 50 Pa, while a low air infiltration of 0.6 ACH is 

recommended for a passive house [215]. 

• Shading coefficient: The shading coefficient is a measure of the heat gain through the glass 

from solar radiation. The shading coefficient for window shades is expressed as a number 

between 0 and 1. The lower a shading coefficient, the less solar heat it transmits. 

• Window glazing: Single glazed with a aluminium frame is the most commonly used windows 

type in Australia. However, double glazing (air and gas fill) can contribute significantly to a 

six-star or higher energy-efficient house and is now widely available [216]. 

7.3. Research method 

The sensitivity analysis plays a crucial role in house energy analysis. It provides a ranking of 

influential design variables that are significant in improving the house's energy performance. The 

sensitivity analysis for this study was performed on a set of design variables identified during the 

house's conceptual design stage, as listed in Table 7.1.  This chapter aims to guide residential house 

designers on the impact various design variables have on energy efficiency performance. At first, 

each individual design variable was checked in the studied house while keeping other variables 

constant and evaluated the effect of different reasonable values on its energy demand for heating and 
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houses. The results show that the minimum energy consumption is achieved at 90°, because at this 

position the east wall area, which has the largest load contribution, is minimised. Although the 

orientation is not a major determining factor in the design of a building because of low energy savings, 

a reduction in the annual energy consumption of 5.3 MJ/m2 (10.8%) can result, compared to the 

opposite at 270° from its maximum load direction for this house. Of course, practically the house 

cannot always orient to the best location since orientation is mostly driven by the plot shape and 

position with respect to roads. 

 

Fig. 7.3. Effect of building orientation on energy consumption. 

7.4.3. Impact of FSPCM board location on energy consumption 

With the rapid rise of summer temperatures in Australia and an increasing number of extreme 

heat events, the high insulation and airtight houses' effect comes down to increased overheating 

(reported in Chapter 6), resulting in an increased cooling energy demand for air conditioning. In 

Chapter 6, it has been demonstrated that the combined use of FSPCM board and insulation in building 

envelopes is effective in controlling the issue of overheating while improving the indoor thermal 

comfort. PCM thus helps to improve thermal comfort in summer while reducing the cooling energy 

consumption [218]. In winter, it is also useful for reducing energy demand for heating. The effect of 

the FSPCM board on house energy consumption for different thicknesses of the FSPCM board (tb = 

10-30 mm) inside the insulation layer in the walls and ceilings was evaluated in Chapter 6. The 

FSPCM board's location in the external walls and ceiling, either outside (position 1) or inside 

0

10

20

30

40

50

60

E
n
er

g
y
 c

o
n
su

m
p

ti
o

n
 (

M
J/

m
2
.y

)

Orientration

270°0° 90° 180°



135 
 

(position 2) of the insulation layer (Fig. 7.4), affects its capacity to store thermal energy and release 

it inside the house when required.  

 

Fig. 7.4. Location allocation of FSPCM board in the building envelope: (a) position-1, and (b) 

position-2. 

Based on this understanding, house energy efficiency was tested using an FSPCM board with a 

thickness of 20 mm in these locations for the walls and ceiling. As can be seen from Fig. 7.5, the 

walls and ceiling with the FSPCM board at position-2 (inside of the insulation board) had a higher 

energy reduction than at position-1 (outer side of the insulation layer). This result is consistent with 

the findings reported by Wang et al. [184]  and Li et al. [219], where reduction in heat transfer to the 

interior of the building was achieved by installing PCM near the inner wall surface. This is because, 

at position 1 (outer surface of the insulation board), the PCM can melt quickly at daytime and remain 

in the liquid phase longer than the PCM at position 2 (inner surface of the insulation board). The 

thermal storage potential of PCM is reduced if the PCM remains in the melted state for a longer time, 

as demonstrated in a previous study [192]. The FSPCM board at position-1 could not absorb heat 

from the inside of the room, and it only reduced the heat flow to the indoors from the outdoors. From 

the prospect of balance between sufficient heat absorbed from the indoors and released to the 

outdoors, position-2 could attain more benefits. This study is consistent with previous studies [105, 

181],  where the optimum position for the PCM layer was closed to the interior surface. Since up to 

40% of solar heat gain and loss is through the roof alone, installing the FSPCM board in the ceiling 

has a greater impact on reducing total energy use than in the external walls. It can be seen from Fig. 
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addition improves the performance of FSPCM board with an optimum PCM melting temperature 

when compared to the non-ventilated house. Hence, the variables tested in this section were the 

amount of night ventilation, which can be controlled by ventilation airflow rates for an operation 

period of 19:00 to 7:00. To understand the effect of the ventilation airflow rate, we conducted a 

sensitivity analysis for 2.0 ACH and 5.0 ACH airflow rates for two passive systems by installing 

different FSPCM boards' thicknesses only in the ceiling and the same board within the walls. The 

results showed that a combination of FSPCM board coupled with NV could increase PCM's 

effectiveness for passive systems and reduce energy consumption by up to 9.2% (with tb =20 mm 

only in walls) and 17.9% (with tb =20 mm in ceilings) compared to the consumption of the house 

without NV (Fig. 7.6). Overall, the highest efficiency is achieved with greater airflow (5 ACH) and 

20 mm of FSPCM board thickness. 

 

Fig. 7.6. Effect of NV and FSPCM board on energy consumption: (a) FSPCM board only in walls, 

(b) FSPCM board only in the ceiling. 

7.4.5. Effect of infiltration on energy consumption 

A residential house's airtightness depends on the types of windows and doors, materials, and the 

construction process' quality. The air infiltration through and around windows and doors, in joints 

and floor/ceiling to wall connections are major problems within conventional residential houses. 

Previous studies reported that the average infiltration air charge rate of homes constructed in Australia 

is 15.5 at a pressure difference of 50 Pa (15.5-ACH@50Pa)  [221], a lower performance in energy 

efficiency than expected. For homes without a mechanical ventilation system, an infiltration rate 
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Table 7.2 Characteristics of different glazing types [172] 

Glazing type U value (W/m2°C) Solar heat gain 

coefficient (SHGC) 

Visible transmittance 

(VT) 

Single  5.68 0.855 0.901 

Double (air-filled) 2.83 0.775 0.817 

Double (Ar-filled) 1.4 0.589 0.706 

The simulation results presented in Fig. 7.9 show that a significant energy saving of 13.7-14.7% 

can result for the house with different FSPCM board thicknesses for air-filled double-glazed windows 

when compared to the construction with single-glazed windows. Double glazing Ar-filled windows 

perform with significant energy efficiency to further reduce energy consumption by an average of 

~32.3% compared to air-filled double-glazed windows. Although energy-efficient double glazing 

with Ar-filled windows may initially be expensive, ~10% compared to double glazing with air-filled 

windows [216], their long-term energy saving benefits may be worth it.  

 

Fig. 7.9. Effect of window glazing and FSPCM board on house energy consumption. 

A minimum 6-star requirement for house energy ratings provides an easy means of associating 

windows for house energy-efficiency, allowing users to make a more educated purchase decision. It 

is clear that with the increase of FSPCM board thickness, the energy consumption for all glazing 

systems decreases. However, it is essential to mention that the amount of energy saving with changing 

the FSPCM board thickness is different. For example, in the case of double glazing (Ar-filled), the 

energy-saving is 4.7 MJ/m2.y, which is less in comparison with 9.2 MJ/m2.y for single glazing and 
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7.3 MJ/m2.y for double glazing (air-filled) when FSPCM board thickness increases from 10 mm to 

20 mm. Thus, in practical applications, the suitable thickness of the FSPCM board should be selected 

considering both effectiveness and the cost of the FSPCM board. 

The main principle of this study was to create a building envelope to optimally control solar heat 

gains and reduce energy demand for heating and cooling while maintaining a comfortable indoor 

environment. Detailed energy simulations were then conducted as shown in Fig. 7.2-7.9 to present 

recommendations on the choice of insulation, glazing, shading, infiltration, FSPCM board (thermal 

mass) and natural ventilation of a house in Sydney. Based on the above simulation results on house 

energy consumption, the optimum value for each design variable is summarised in Table 7.3. 

Table 7.3 Optimum value of each design variable based on energy consumption. 

Design variable  Value 

Orientation East 

Ceiling insulation (resistance)  R 1.714 m2.K/W (60 mm thickness) 

Wall insulation (resistance) R 0.571 m2.K/W  (20 mm thickness) 

FSPCM board ceiling Inside (20 mm thickness) 

FSPCM board walls Inside (20 mm thickness) 

Night ventilation 5 ACH  

Infiltration rate 0.6 ACH 

Window shading coefficient 0.3 

Window glazing Double glazed-high: U = 1.4; SHGC = 0.589, VT = 

0.706   

7.4.8. Economic and enviro-economic analysis 

In Chapter 6, an economic analysis of using FSPCM board and insulation in both walls and 

ceilings was performed. According to the results, the most attractive solution for improving houses' 

energy performance in different Australian cities is using FSPCM board together with thermal 

insulation rather than the use of insulation or FSPCM board only. In this section, three various case 

studies have been performed, those being installing an FSPCM board with insulation on the external 

walls only, ceiling only, and both the walls and ceiling using the optimum design parameters. A life 

cycle cost (LCC) analysis, which compares different design alternatives for the house in Sydney 

considering the cost and savings associated with each design option, is considered as reported in 
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Chapter 6. For economic analysis, the various cases (Scenarios 1-3) examined in the simulation are 

as follows: 

• Reference case (optimised house) – No insulation and FSPCM board 

• Scenario-1 (wall case) – Insulation and FSPCM board used in exterior walls only 

• Scenario-2 (ceiling case) – Insulation and FSPCM board used in ceiling only 

• Scenario-3 (wall and ceiling case) – Insulation and FSPCM board used in exterior 

walls and ceilings  

Table 7.4 shows the values of life cycle savings (LCS) and payback periods (PP) when adopting 

the value for different design variables are presented in Table 7.3. The PP was calculated by taking 

into account the LCS for electricity as an energy source. The LCS of AU$5.1/m2 was calculated for 

installing FSPCM board and insulation in the walls only (wall case), which is much lower than 

the LCS values of AU$36.7/m2 and AU$39.5/m2 for installing in the ceiling only and both the walls 

and ceiling. The results show that using the FSPCM board and insulation in the walls is not 

economically viable as the estimated payback period for this case is 13.9 years, which is higher than 

their service life of 10 years. In contrast, a shorter payback of 4.7 and 6.2 years is found for the 

scenarios in using FSPCM board with insulation in the ceiling only and both the walls and ceiling, 

which is 1.3 years lower than the payback period found in Chapter 6 for installing FSPCM board and 

insulation material with a thickness of 20 mm and 60 mm in both the walls and ceiling. Table 7.4 

shows that the optimum thickness of the FSPCM board and insulation materials were found to be 

similar to the value reported in Chapter 6, except for the insulation materials in walls. It can be seen 

that the optimum thickness of insulation materials for walls is 20 mm, which is 40 mm lower than the 

value reported in Chapter 6, thus resulting in a lower payback period. These results would be useful 

for selecting economic installation options of FSPCM board with insulation material in the envelope 

for residential building; it has important potential when carrying out energy conservation and 

sustainable building designs. 
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Table 7.4 Results of life cycle cost and enviro-economic analysis 

 Energy 

consumption 

(MJ/m2.y) 

LCS 

(AU$/m2) 

PP 

(yrs) 

Stars Savings in 

CO2-eq 

(kg/m2) 

Environmental 

cost savings 

(AU$/m2) 

Reference case 89.4 - - 3.3 - - 

Scenario-1 75.3 5.1 13.9 3.7 30.5 0.8 

Scenario-2 27.8 36.7 4.7 7.3 133.2 3.8 

Scenario-3 16.4 39.5 6.2 8.5 157.9 4.0 

It is important to note that a higher energy rating (3.3 stars) residential house (Table 7.4) can be 

achieved in Sydney by using an optimum orientation, infiltration, window glazing and shading 

coefficient (Table 7.3) compared to the typical 1.8-star rating house as reported in Chapter 6. 

However, the minimum energy rating of six stars has not been achieved without using insulation and 

the FSPCM board. Meanwhile, the house's energy ratings increase by 0.4, 4.0, and 5.2 stars when the 

FSPCM board is used together with insulation in the walls only, ceiling only, and both the walls and 

ceiling, respectively. The result shows that installing the FSPCM board with insulation material in 

the ceiling is more economically and technically viable to meet the minimum energy efficiency (six-

star) target in Sydney (Table 7.4). 

The growing awareness of environmental issues requires reporting of environmental impacts in 

addition to an economic analysis. This evaluation is conducted depending on the cost of carbon 

dioxide (CO2) emissions to the environment from generating electricity using coal as per section 

6.4.4. The results show (Table 7.4) that the reduction of CO2 emissions to the environment vary 

between 30.5 kg/m2 and 157.9 kg/m2 over a lifetime of 10 years based on the scenarios. The 

environmental cost savings related to carbon emissions in AU$/m2 is found to be 0.8, 3.8 and 4.0 for 

the scenarios of installing FSPCM board with insulation material in the walls, ceiling, and both the 

walls and ceiling. 

7.5. Conclusions and recommendations 

In this study, the energy efficiency performance of a residential house for Sydney was optimised 

using EnergyPlus 8.4.0, which is useful in the early-stage design phase when different building 

designs are being considered. A set of design variables was taken, and a range of variation was given 
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for each variable. The simulation results show that the load for house energy demand can be 

significantly reduced by adopting energy efficiency strategies (optimisation processes). The main 

conclusions and recommendations are as follows:  

⎯ Referring to orientation, the best position for a house is to have its unglazed side facing east 

with the most significant load contribution. Locating the unglazed wall at 90° (east) resulted 

in an annual load reduction of 5.3 MJ/m2 (10.8%) compared to the opposite at 270° (west) 

from its maximum load direction for this house. 

⎯ The best performing optimisation models had insulation levels of 0.571 and 1.714 m2.K/W 

for the exterior walls and ceiling, a natural ventilation rate of 5 ACH, and argon-filled double-

glazed windows with a U-value of 1.4 W/m2°C, and shading coefficient of 0.3.  

⎯ The ceiling insulation and infiltration air charge rate are the most influential design variables 

on energy efficiency of the house. The house energy rating can be achieved by adopting an 

infiltration rate of 0.6 ACH. 

⎯ A 20 mm thick layer of FSPCM integrated into the house's exterior walls and ceiling was 

found to be the optimum option. The best performance of the FSPCM board is achieved by 

placing it inside the surface of the thermal insulation. 

⎯ The life cycle cost analysis has shown that installing the FSPCM board with insulation 

material in the ceiling is more economically and technically viable to meet the minimum 

energy efficiency (six-star) target in Sydney. 

Regarding the fast economic growth and building development in Australia, the proposed design 

optimisation would be of great interest to building designers concerned about energy efficiency in 

houses and the environment. 
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CHAPTER 8 

Conclusions and recommendations for future research 

8.1. Conclusions 

An idea regarding the improvement of energy efficiency in residential houses using PCM in 

passive manners directed researchers in recent years to develop PCM-based composite materials and 

utilise them to increase TES capacity in houses. Gypsum board integrated with PCM has excellent 

potential to be used as an interior finishing material for improving indoor thermal comfort while 

reducing energy use. This research has aimed to overcome the main issues with the inclusion of PCM 

into gypsum board, including their shape instability or leakage during the phase change process and 

poor heat transfer rate related to PCM's low thermal conductivity, that acts as a block upon the 

effective utilisation of its enormous TES capacity benefits. Hence, a form-stable PCM was developed 

by containing PCM into porous diatomite material to address these issues and study the impact of 

using them in maximising the TES capacity of gypsum board to improve the energy efficiency 

performance of houses. Besides, no research has been conducted to study the energy performance of 

using FSPCM-based gypsum board in real houses, especially in combination with thermal insulation. 

This thesis presented an experimental evaluation of thermal performance improvement using the 

FSPCM-enhanced gypsum board within a house and compared it with a traditional one without 

FSPCM. EnergyPlus was also used to validate the experimental results of a model house, and other 

parametric studies to optimise FSPCM board performance were carried out. The simulation using the 

validated EnergyPlus model was performed to develop a framework for the cost-benefit assessment 

of retrofitting strategies (using insulation, FSPCM-enhanced gypsum board, and FSPCM-enhanced 

gypsum board coupled with insulation) to achieve a minimum six-star energy rating performance of 

existing residential houses in Australia. The key conclusions of this research are as follows: 

1. The development of FSPCM using diatomite resulted in higher PCM retention into diatomite 

pores with good thermal stability. The developed FSPCM has improved thermal conductivity 



146 
 

and excellent phase change properties, making it suitable for developing thermal energy 

storage building materials, such as PCM wallboard for reducing energy consumption and 

indoor temperature fluctuations 

2. The main issue associated with integrating pure PCM into building materials was PCM 

leakage or instability which is effectively resolved by developing a diatomite supported 

FSPCM. Gypsum board containing FSPCM fabricated in this study was shown to have 

multifunctional properties, i.e., excellent TES capacity and energy performance with suitable 

mechanical performance.  

3. The FSPCM integrated gypsum board is considered an internal furnishing material for 

utilizing passive latent heat storage in houses that can significantly reduce peak indoor air 

temperature and shift to off-peak period, as displayed from the thermal performance 

examinations carried on small test chambers and model houses. 

4. FSPCM-enhanced gypsum board application in building envelopes was affected by 

inadequate solidification at night, leading to decreased TES efficiency at daytime. The use of 

natural ventilation at night-time enhanced the PCM solidification and further improved the 

indoor thermal performance.  

5. FSPCM board's use, coupled with thermal insulation into walls and ceilings, could 

significantly reduce overheating while improving the houses' energy efficiency performance. 

Their combined use was found to be more effective in achieving a minimum six-star rating. 

However, the houses' star rating improvement is different for each of three different Australian 

cities (Darwin, Alice Springs, and Sydney), representing three different climate zones 

(tropical savanna, hot semi-arid, and humid subtropical).   

6. From the economic evaluation of the FSPCM board and insulation into walls and ceilings of 

residential housing in Australia, the recovery or payback period was found to be between 2.2 

and 7.5 years, depending on climate conditions. Since the payback period is smaller than the 

average life span (10 years) of the materials, their incorporation into walls and ceilings is 
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economically feasible. From environmental evaluation, a saving of 171.7−380.9 kg CO
2
-

eq/year/m
2 

was achieved. Therefore, these reductions would contribute to mitigating 

emissions of Greenhouse Gases over the life span of houses.  

7. The parametric sensitivity case study conducted in Sydney with the optimisation of different 

influential design variables revealed that the optimum variables helped maximise the house's 

energy efficiency performance. 

8.2. Recommendations for future research 

1. A hybrid FSPCM board system with two or more PCM melting temperatures can be an 

effective approach for year-round TES in buildings, particularly in climates with an extensive 

diurnal temperature range. Further study of the optimisation of FSPCM board with a multi-

PCM system should be addressed. 

2. Future work may focus on further improving thermal properties of the FSPCM by adding 

some nanoparticles. Other alternatives to supporting materials could be investigated to 

achieve a better cyclic performance of the FSPCM so that it can extend the lifetime of the 

PCMs as long as possible for building applications. 

3. The present research work was limited to improving typical residential houses' thermal/energy 

efficiency by using energy simulation software. Implementing retrofits to existing residential 

dwellings and getting real-world energy loads measurements to determine the benefits is 

recommended. 

4. This study was limited to the addition of FSPCM into gypsum board and its use as an internal 

finishing material in walls and ceilings to improve the energy efficiency performance of 

residential houses under three different Australian cities (Darwin, Alice Springs and 

Sydney). Future study should focus on how to utilise FSPCM more effectively in Australian 

homes under different climate zones. The selection of proper building materials is required to 

achieve higher PCM effectiveness. Analysing the performance of FSPCM with medium and 
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heavy construction materials such as plasterboard, mortar, and concrete would be valuable. 

Future study may also be needed to evaluate the effects of using FSPCM on roof tiles and PV 

panels, assessing performance for building applications.  

5. In this work, we investigated the brick veneer residential houses with a fixed floor design. 

However, the effect of climate change on different types and sizes of residential building stock 

needs to be more extensively investigated. It is also important to realize how the occupants 

become adept in with the changing climate conditions. 

6. The thermal performance of the FSPCM could reduce after many phase change cycles. The 

economic benefits of the FSPCM board were evaluated based on the year-round energy 

consumption (heating and cooling) measured by EnergyPlus for different cases in chapter 5 

and Chapter 6 without considering the above issue. Therefore, further research should be 

conducted to check the long-term thermal performance of the FSPCM, which may be taken 

into account in the life cycle cost analysis 
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