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Abstract  

 

This dissertation investigates the integration of Phase Change Materials (PCMs) into building 

envelopes as a passive strategy for improving thermal comfort and energy efficiency under 

Greek climatic conditions. The study focuses on the role of PCMs as a complementary 

component of the building envelope, examining their performance in comparison with 

conventional construction materials and insulation systems.  

The research begins with a theoretical investigation of the thermal behaviour of buildings and 

the physical properties of PCMs, with emphasis on material characteristics such as phase 

transition temperatures, latent heat capacity and thermal conductivity. In addition, existing 

PCM integration approaches in building envelopes are reviewed in order to establish a 

framework for their effective application.  

The experimental part of the study is based on dynamic thermal simulations conducted using 

DesignBuilder. A residential case study building located in Greece is modelled and evaluated 

through different envelope configurations, including PCM-enhanced assemblies and combined 

insulation-PCM solutions. The different scenarios are examined across different Greek climate 

zones in order to assess both the influence of insulation strategies and the climate dependency 

of PCM performance. The simulations evaluate indoor operative temperatures and thermal 

comfort conditions, using Fangerôs PMV and PPD indices and are analysed on an annual and 

seasonal basis to assess PCMsô indoor temperature fluctuations and overall thermal 

performance under the different scenarios. 

The study concludes by identifying the conditions under which PCMs can contribute 

meaningfully to climate-responsive envelope design and by outlining their limitations within 

the Greek context.  

 

Keywords  

 

Phase Change Materials (PCM), Building envelope, Thermal Comfort, Dynamic Thermal 

Simulation, DesignBuilder, Insulation Strategies, Mediterranean Climate 
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Introduction 

 

Research Aim and Objectives 

 

The present study investigates the integration of Phase Change Materials (PCMs) into building 

envelopes as a strategy for enhancing the thermal performance and energy efficiency of 

buildings. 

Although modern constructions typically integrate high-performance thermal insulation, recent 

studies have shown that these insulation systems are often insufficient in mitigating peak 

summer temperatures, particularly in warm or Mediterranean climates. (Calama-Gonz§lez C. 

et al., 2023).  Their performance tends to decrease significantly during periods of intense solar 

radiation and prolonged heat waves, leading to considerable thermal discomfort and increased 

cooling demand. This limitation highlights the need for complementary passive strategies that 

can enhance the dynamic thermal behaviour of buildings. 

PCMs, due to their capacity to store and release latent heat during phase transitions, constitute 

a promising category of materials for moderating indoor temperature fluctuations, reducing 

peak thermal loads, and supporting passive environmental control.  

Therefore, this study aims to critically examine the integration of such materials in building 

envelopes and identify the key challenges associated with the selection, design integration and 

long-term performance of PCMs in real scale building applications. 

Considering these aspects, the dissertation focuses on a representative case-study building 

located in Kos Island, in which PCMs are introduced into the building using DesignBuilder 

(EnergyPlus) as the simulation tool. The analysis will examine alternative PCM-enhanced 

envelope scenarios and different climate conditions within the Greek region, in order to 

investigate parameters such as operative temperature profiles and overall thermal comfort 

according to established standards. 

Through the synthesis of theoretical principles, literature review, material analysis, and 

simulation results, the objective of this dissertation is to derive comprehensive conclusions on 

the viability and performance of PCMs in the Mediterranean climate context. Ultimately, the 

research aims to contribute to the development of human-centered, climate-responsive, and 

environmentally sustainable design strategies, highlighting the role of advanced materials such 

as PCMs in shaping future building envelopes that support improved living conditions and 

reduced energy consumption. 
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Methodological Approach  

 

The methodology adopted in this study follows a mixed-methods approach, combining 

theoretical and experimental components to ensure a comprehensive investigation of PCM 

integration in building envelopes.  

The theoretical component consists of a review of scientific and technical literature related to 

Phase Change Materials, their physical and thermal behaviour and their integration in 

construction systems. Within this part of the study, PCM properties, such as phase transition 

temperatures, latent heat storage capacity, and thermal conductivity are examined. This 

theoretical framework provides the basis for understanding the life cycle, application 

challenges, and performance criteria of PCM-enhanced building components. 

In parallel, the quantitative analysis includes dynamic thermal simulations conducted using 

DesignBuilder (EnergyPlus). A typical building, representative of residential structures in 

Greece, is used as a case study for assessing the impact of PCM integration in various envelope 

assemblies. Multiple scenarios are developed, varying the location of the building, and the 

insulation system. The simulations evaluate parameters such as operative temperatures and 

thermal comfort metrics. This computational approach allows for a comparative assessment 

between PCM-enhanced envelopes and conventional construction solutions. 

Through the combined insights of the literature review, material analysis, and simulation 

results, the study formulates conclusions regarding the performance and potential benefits of 

integrating PCMs into building envelopes. 

 

Structural Outline of the dissertation  

 

The structure of the study is divided into three main parts, each addressing a distinct component 

of the research. 

The first part presents the theoretical framework of the study. Chapter 1 examines the thermal 

behaviour of buildings, with emphasis on heat transfer mechanisms, thermal energy storage and 

indoor environmental conditions. The second chapter introduces Phase Change Materials 

(PCMs) by analysing their fundamental physical principles, classification, encapsulation 

methods, and performance characteristics. After that, the integration of PCMs into building 

applications is explored, presenting established experimental approaches, while highlighting 

the role of PCMs as part of a broader sustainable and energy efficient design strategy. 
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The second part focuses on the simulation study, through which the thermal performance of 

PCM-enhanced building envelopes is quantitatively assessed. Chapter 4 outlines the 

methodology and experimental design through the DesignBuilder simulation software. Then, 

Chapter 5 defines the case study building and its climatic context, presenting the climatic 

analysis of the selected regions, the development of the simulation model and the definition of 

the simulation scenarios. Chapter 6 presents and analyses the simulation results, comparing 

thermal performance indicators and overall performance differences between the examined 

climatic zones.  

Concluding, the third part summarizes the overall study, discusses its limitations and proposes 

directions for future research. The final part reflects on the effectiveness of PCMs in improving 

thermal comfort, providing recommendations for further research in order to achieve PCM 

integration into sustainable and climate responsive architectural design strategies.  
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Part I ï Theoretical Framework 

 

Chapter 1 : Thermal Behaviour of Buildings and Indoor Environmental Conditions 

 

1.1 Introduction 

 

With the rapid economic growth worldwide, the demand for energy has increased significantly, 

placing growing pressure on overall supply systems. In the European Union alone, the final 

energy consumption that reached end-use sectors was a total of 954.907 kilotonnes of oil 

equivalent (ktoe) in 2024 (Figure 1.1) (European Commission, 2025). 

 

 

Figure 1.1 : Energy Balance Flow Diagram , Europa.eu, 2025 

  

Of this total, around 40% of the energy consumed was used in buildings and approximately 

80% of that was for heating, cooling and hot water, according to the Eurostat energy balances 

and the EEA Greenhouse Gas Inventory. This high energy intensity is largely attributed to the 

characteristics of the existing building stock, as almost 85% of buildings in the European Union 

were constructed before the year 2000 and 75% of them have poor energy performance 

(European Commission, 2025). 

From an energy systems perspective, buildings can be understood as dynamic entities in which 

energy flows continuously between the outdoor environment, the building envelope and the 

internal spaces defining its thermal behaviour. In particular, the thermal behaviour of a building 

describes its ability to maintain comfortable indoor living conditions despite variations in 

external climatic factors such as temperature, humidity and air velocity. This behaviour results 
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from the combined interaction between external climatic conditions, the thermophysical 

properties of building components, and the internal heat gains generated by occupants, 

equipment and lighting. (E. Natarajan et al., 2006) 

 Improving the efficiency of this system is therefore essential for reducing overall energy 

consumption and associated emissions. One approach to achieving this goal is the integration 

of energy storage solutions. The use of energy storage not only reduces the mismatch between 

energy supply and demand, but also enables the excess energy to be captured, stored and 

released when required, improving overall system efficiency and reliability (J. Soibam, 2017).  

In this context, latent heat energy storage technologies, such as Phase Change Materials 

(PCMs), offer significant potential by enhancing thermal inertia and moderating indoor 

temperature fluctuations. However, in order to fully understand how systems such as PCMs 

contribute to improved energy performance, it is necessary to first examine the fundamental 

thermal behaviour of buildings, including heat transfer mechanisms, the principles of sensible 

and latent heat storage and their implications for indoor environmental conditions and occupant 

thermal comfort. This chapter provides the theoretical background required for this analysis, 

establishing the bases for the subsequent discussion of PCM materials and their integration in 

building applications.  

 

1.2  Heat Transfer  

 

ñHeat transfer is defined as the process of transferring thermal energy between objects at 

different temperatures. In the process of reaching thermodynamic equilibrium, heat is 

transferred from the warmer object to the cooler object. At thermodynamic equilibrium heat 

transfer is zeroò (Nasa.gov) 

 

Heat transfer through the building envelope occurs via three fundamental mechanisms: 

conduction, convection and radiation. 
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Figure 1.2 : Heat transfer mechanisms, firstinarchitecture.co.uk 

 

Thermal Conduction refers to the mechanism of internal energy transfer within a body or 

between bodies that are in direct physical contact (F. Bougiatioti, 2006). In building materials, 

conduction represents the dominant mode of heat transfer through opaque envelope components 

such as walls, roofs and floors.  

 

Thermal Convection refers to the mechanism of heat transfer that occurs between a solid surface 

and a fluid (liquid or gas) in motion, as a result of combined effects of molecular diffusion and 

bulk fluid movement (F. Bougiatioti, 2006). In buildings, convective heat transfer primarily 

takes place at the interfaces between the building envelope and the surrounding air. Convection 

can be classified as natural, driven by buoyancy forces due to temperature differences, or forced 

convection, caused by external means such as winds or mechanical ventilation systems. 

(DesigningBuildings, 2024) 

 

Thermal Radiation refers to the transfer of energy through electromagnetic waves emitted by a 

body as a consequence of its temperature, without the need for a material medium (F. 

Bougiatioti, 2006). In the built environment, radiative heat transfer plays a significant role in 

energy exchange between building surfaces and buildings and their surroundings, through solar 

radiation and long-wave thermal emission, thereby affecting indoor thermal conditions 

(DesigningBuildings, 2024).  
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1.3 Thermal Energy Storage 

 

While heat transfer mechanisms describe how thermal energy is exchanged between materials, 

surfaces and the surrounding environment, they do not address how this energy can be retained 

and utilized later.  

To address that, Thermal Energy Storage (TES) systems are employed, enabling heat or cold 

to be stored when available and released when needed. (L.Cabeza et al., 2016) 

In general, TES refers to the capacity of a material to absorb heat when energy is available, 

retain it and release it when conditions change. (I. Dincer et al., 2010) 

In the context of buildings, thermal storage plays a key role in moderating temperature 

fluctuations, improving thermal comfort and energy performance.  

Based on the underlying storage mechanism, TES can be classified into sensible heat storage, 

latent heat storage and thermochemical heat storage, as presented in the figure below. (P. Abass 

et al., 2025) 

 

 

Figure 1.3 : Classification of thermal energy storage Systems, P. Abass, 2025 

 

The present study focuses on sensible and latent heat storage, which are the most relevant and 

commonly applied approaches in building applications.  
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Figure 1.4 : Comparative diagrams between sensible heat storage (left) and latent heat storage (right), P. Abass et al., 2025)  

 

1.3.1 Sensible Heat   

 

Sensible Heat Storage (SHS) refers to the storage of thermal energy through a change in the 

temperature of a material, without altering its physical state. In this mechanism, energy is stored 

when the temperature of a solid, liquid or gas increases during the charging process and is 

released when the temperature decreases during discharging. (J. Soibam, 2017) 

The amount of energy stored depends on the specific heat, the temperature change and the 

material, and can be expressed as,  

 

ὗ άὅὨὝ άὅ Ὕ Ὕ , 

 

where m is the mass of the material, Cp is its specific heat capacity and  Ὕ ὥὲὨ Ὕ are the initial 

and final temperatures, respectively. (B. Cardenas et al., 2013) 

However, sensible heat storage typically requires relatively large material volumes to store 

significant amounts of energy, as storage capacity is directly linked to temperature variation. 

Common examples of such materials are water, pebbles, rocks, concrete etc., which are widely 

available and cost-effective but exhibit relatively low energy density. As a result, sensible heat 

storage systems are mainly used in small-scale applications where simplicity and economic 

considerations are major concerns. (S. Chandel et al., 2016) 
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1.3.2 Latent Heat   

 

Latent Heat Storage (LHS) represents an alternative thermal energy storage approach that 

addresses several limitations of sensible heat storage.  

In latent heat storage systems, thermal energy is absorbed or released during a phase change of 

a material, such as solid-liquid or liquid-gas transitions, occurring at an approximately constant 

temperature. (B. Cardenas et al., 2013)  

The total amount of heat stored in a latent heat storage system can be described as the sum of 

sensible and latent contributions :  

  

 

 

where Tm is the phase change temperature and ȹhm is the latent heat associated with the phase 

transition. (J. Soibam, 2017)  

Among the different phase change mechanisms, solid-liquid transitions are the most suitable 

for practical applications due to their relatively small volume changes and favorable operating 

conditions. (J. Soibam, 2017) 

As a result, latent heat storage introduces a different mode of thermal energy management 

compared to sensible heat storage, within a narrow temperature range. This differentiation is 

particularly important in building applications for achieving occupant thermal comfort and 

energy-efficient operation. (P. Abass et al., 2025) 

 

1.4 Indoor Environmental Conditions and Comfort  

 

Indoor comfort conditions are a fundamental component of the thermal behaviour of buildings 

and are linked to occupantsô health and the buildingôs energy-related performance. 

Indoor comfort  encompasses thermal, visual and acoustic comfort and indoor air quality. These 

parameters are all related to the thermal response of the building envelope (T.O.T.E.E.20701-

6,2022). In this framework, advanced building materials, such as PCMs, play a significant  role 

by modifying heat storage and release processes, thereby affecting indoor comfort conditions.  
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1.4.1 Thermal Comfort 

 

Thermal comfort is defined as the state of satisfaction with the thermal environment or the 

perception of thermal neutral conditions. It depends on the exchange of energy between the 

human body and its surrounding environment, as well as on the mechanisms of physiological 

and psychological adaptation (Hoppe, 2002) 

Thermal comfort perception depends on two main categories of parameters (Auliciems et al., 

1997).  

 

Environmental Parameters Personal Parameters 

Air temperature Metabolic rate (depending on activity level) 

relative humidity Clothing insulation 

radiant temperature, including solar radiation 

and heat exchange with surrounding surfaces 

- 

air velocity - 

 

 

 

 

Figure 1.3 : Psychrometric chart indicating the comfort zone for winter conditions (blue outline) and the 

comfort zone for summer conditions (red outline) , T.O.T.E.E. 20701-6/2022 
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- Assessment of Thermal Comfort 

 

To quantitatively assess thermal comfort, several indices have been developed and are widely 

used in building performance evaluation and simulation-based design.  

Two of these are PMV (Predicted Mean Vote) and PPD (Predicted Percentage of Dissatisfied) 

proposed by Fanger in 1973. The PMV index predicts the mean thermal sensation of a large 

group of occupants using a seven-point scale : 

- -3 cold 

- -2 cool 

- -1 slightly cool 

- 0 neutral 

- +1slightly warm  

- +2 warm 

- +3 hot 

 

In the PMV approach, thermal comfort is evaluated by assigning values to air velocity (m/s), 

clothing insulation (clo) ï with typical values of 1.0 clo for winter clothing and 0.5 clo for 

summer ï metabolic rate (met) according to activity level, relative humidity (%) and air 

temperature (ÁC). These parameters define a comfort region, typically represented in a diagram 

such as Figure 1.4 within which the remaining variables must lie for a reference metabolic rate 

of met=1.1. (Alimperti et al., 2024) 

 

 

Figure 1.4 : ASHRAE chart for met=1.1, simscale.com, 2025 
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The associated PPD index expresses the predicted percentage of occupants dissatisfied with the 

thermal environment. Even under optimal thermal conditions (PMV=0), a minimum 

dissatisfaction level of approximately 5% is expected, representing the theoretical lower limit 

of thermal discomfort (Fanger, 1973) 

 

 

 

Figure 1.5 : PMV-PPD Diagram, Fanger P.O. (1973) 

 

The thermal comfort indices, PMV and PPD, mentioned above, provide a quantitative 

framework for evaluating occupantsô thermal sensation and form the basis for internationally 

recognized comfort standards such as the ASHRAE Standard 55-2017 : Thermal Environmental 

Conditions for Human Occupancy. According to this standard, combinations of indoor thermal 

environment and personal parameters that result in thermal conditions considered acceptable 

by the majority of occupants are defined. In particular, ASHRAE 55 is based on the following 

four fundamental assumptions (ASHRAE,2017) : 

- Thermal comfort is determined by six key environmental and personal parameters, as 

described before.  

- Compliance with ASHRAE Standard 55 requires that all these parameters be considered 

simultaneously and in combination.  

- The thermal conditions defined by the Standard apply to healthy adult occupants, at 

altitudes below 3.000 m. above sea level, and for occupancy periods exceeding 15 

minutes.  

- The standard does not address other aspects of indoor environmental quality, such as 

indoor air quality, acoustics, lighting or pollution.  
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1.4.2 Visual Comfort 

 

Visual comfort in indoor environments is primarily related to adequacy and quality of lighting 

conditions. It is strongly influenced by the intended use of space and its functional requirements, 

as well as by the uniform distribution of illumination levels. Proper lighting design supports 

smooth visual adaptation, minimizes eye strain, and prevents glare, thereby contributing to 

occupant comfort and performance (T.O.T.E.E 20701-6 / 2022). 

 

1.4.3 Acoustic Comfort 

 

Acoustic comfort refers to the intensity and quality of sounds perceived within indoor spaces. 

It is influenced by external noise levels, the properties of the building envelope and the 

configuration of both interior and surrounding spaces. With that being said, transitional or 

intermediate spaces may function not only as climatic buffer zones but also as acoustic buffers. 

In addition, landscape elements such as water features, may contribute to acoustic comfort by 

masking or attenuating undesirable noise, while simultaneously improving the local 

microclimate (T.O.T.E.E 20701-6 / 2022). 

 

1.4.4 Indoor Air Quality (IAQ) 

 

Indoor Air Quality (IAQ) depends on humidity levels and the concentration of airborne 

pollutants, including carbon monoxide (CO), carbon dioxide (CO2), nitrogen dioxide (NO2), 

volatile organic compounds (VOCs), and particulate matter (PM10 and PM2.5). Indoor pollutants 

originate mainly from human activities, building materials and the geological characteristics of 

the surrounding area.  

These pollutants can be effectively removed through appropriate natural or mechanical 

ventilation strategies. However, the use of toxic sources, such as construction materials 

containing isocyanates or paints with high VOC emissions should be avoided to ensure healthy 

indoor environments (T.O.T.E.E 20701-6 / 2022). 

 

1.5 Summary 

 

This chapter has provided the theoretical background necessary to understand the thermal 

behaviour of buildings and the indoor environmental conditions.  
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The way thermal energy is absorbed, stored and released by building materials directly 

influences temperature stability and consequently occupant comfort and energy performance. 

In this framework, increasing attention is directed towards materials that can actively interact 

with daily thermal variations by storing and releasing heat in a controlled environment. 

Therefore, building upon the principles of sensible and latent heat storage introduced in this 

chapter, the following one focuses on Phase Change Materials , examining their thermophysical 

properties and their role in enhancing indoor thermal comfort and energy efficiency. 

 

Chapter 2: Phase Change Materials (PCM) 

 

2.1 Introduction 

 

Phase change materials (PCMs) are substances that undergo phase transitions in order to release 

or absorb heat. During this process, PCMs alternate between solid and liquid states absorbing 

heat as they melt (charging) and releasing heat as they solidify (discharging). 

Depending on the intended application, a PCM can be selected to undergo a solid-liquid, solid-

gas, liquid-gas, or solid-solid phase change. Among these mechanisms, solid-liquid phase 

changes are the most used in building-related applications due to their high latent heat capacity 

and nearly constant transition temperature. This characteristic enables PCMs to interact 

effectively with the daily thermal variations occurring within occupied spaces. (A. 

Christakopoulos, 2012) 

This thermal response is driven by the principles of thermal energy storage through sensible 

and latent heat. As the temperature of the surrounding environment increases, the PCM absorbs 

sensible heat, resulting in gradual rise in its temperature until it reaches the phase transition. At 

this point, the temperature remains nearly constant while the material stores energy in the form 

of latent heat of fusion. This energy corresponds to the amount required to change the materialôs 

phase from solid to liquid without a further temperature rise. Conversely, when the temperature 

decreases below the transition point, the PCM releases the stored energy as it solidifies, 

maintaining thermal stability within the surrounding environment. (Cabeza L. et al., 2015) 

 

https://www.sciencedirect.com/topics/engineering/phase-change-material
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Figure 2.1 : PCM function , Thermtest , 2024 

 

Once the phase transition is complete and the PCM is fully melted, any further heat exchange 

occurs in the form of sensible heat. While the latter depends on the specific heat capacity of the 

material and the temperature difference (ȹT), the latent heat storage capacity is determined by 

PCMôs enthalpy of fusion. (Das A. et al. , 2025)  

At the microscopic scale, during the melting cycle (charging), the thermal energy received by 

the PCM raises the internal energy of the atoms or molecules weakening intermolecular 

interactions. As the material transitions from solid to liquid phase, the ordered crystalline and 

semi-crystalline structures are broken, leading the molecules to be randomly dispersed and 

physically confused. The reversal of melting occurs during the solidification process, in which 

the PCM loses energy to the environment and the atoms or molecules rebuild their chemical 

association (i.e., chemical bonds), resulting in the ordered phase reforming and solidifying. 

(Kamperi A., 2019) 

This phase transition mechanism at the microscopic level is directly linked with the 

macroscopic thermophysical behaviour of PCMs, which will ultimately determine their 

suitability for different applications. 

 

https://www.sciencedirect.com/topics/engineering/solidification-process
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2.2 Thermophysical Properties and Selection of a PCM 

 

The effective use of a Phase Change Material depends on a combination of its thermal, physical 

and chemical properties. 

From a thermal perspective, a PCM should exhibit high latent heat of fusion and high energy 

density, enabling large amounts of thermal energy to be stored within a limited volume. In 

addition, a favorable ratio of latent to sensible heat capacity is desirable, as it enhances the 

effectiveness of phase change storage. Adequate thermal conductivity in both solid and liquid 

phases is also essential to support rapid heat absorption and release, as well as narrow 

temperature range ensuring stable and predictable thermal performance. (J. Soibam, 2017) 

As for the physical properties, minimal volume change during phase transition and relatively 

high density are required to prevent structural stresses and performance degradation. The 

storage thickness and the ratio of PCM volume to total system volume must be optimized as 

well, to balance thermal effectiveness and constructability. (I. Mandilaras, 2015) 

From a kinetic standpoint, efficient charging and discharging behaviour is required. Low 

nucleation rates may lead to supercooling, causing melting and solidification to occur at 

different temperatures, which negatively affects thermal reliability. Therefore, PCMs high 

nucleation activity  and enhanced crystal growth are required.  

Finally, PCMs have specific chemical properties. Reversible melting and solidification, 

resistance to chemical degradation over repeated cycles and non-corrosive behaviour towards 

surrounding materials are characteristics critical for the selection of a PCM. Other than that, 

from an economical and environmental perspective, a PCM must be non-toxic and non-

flammable and also available and abundant in nature (C. Podara et al., 2021).  

Overall, based on this selection criteria, an optimal PCM should have a transition temperature 

that matches the target operating range, high latent heat, chemical stability, minimal 

degradation after repeated cycles, and good thermal conductivity to ensure rapid heat transfer. 

 

2.3 Types and Classification of PCM 

 

Phase Change Materials can be classified according to several criteria, with the most 

fundamental one being their chemical composition. Other classification parameters may include 

their application field or the temperature range within which the phase transition occurs. 
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Based on their chemical composition, PCMs are generally classified into three types: Organic, 

Inorganic and Eutectics as shown in Figure 2.2 (Soiham J., 2017) 

 

 

Figure 2.2 : Classification of Phase change Materials (PCMs) 

 

 

2.3.1  Organic PCMs 

 

Organic phase change materials constitute a major category of energy storage materials and are 

widely used for building applications. Organic PCMs can be paraffinic or non-paraffinic 

depending on their chemical structure and are characterized by their congruent melting 

behaviour, enabling repeated melting and solidification cycles without degradation of latent 

heat storage capacity. (J. Soibam, 2017) 

 

- Paraffin Compounds 

 

Paraffin PCMs are further divided into paraffin hydrocarbons and paraffin waxes. The latter 

consists of hydrocarbon chains ranging from 8 to 15 carbon atoms and paraffin hydrocarbons 

of chains ranging from 14 to 40 carbon atoms (C. Podara et al., 2021). Both generally consist 

of chains of n-alkanes CH3-(CH2)-CH3, whose crystallization releases a large amount of latent 

heat. The melting point of these alkanes increases with increase in carbon atoms, usually 

ranging from 35 to 40ÁC (J. Soibam, 2017). Among these, paraffin waxes are the most 
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commercially used for building applications. In the table below, created by C. Podara et al., the 

thermal properties of some paraffin waxes and paraffin hydrocarbons are presented. 

 

Material  

Chemical 

formula 

Melting 

Temperature 

(ÁC) 

Melting 

Enthalpy 

(J/g) 

Thermal 

Conductivity 

(W/mĿK) Density (kg/mį) 

n-Tetradecane C H 5.5 228 ï ï 

n-Pentadecane C H 10.0 205 ï ï 

n-Hexadecane C H 18.0 210ï238 0.2 (solid) 760.0 (liquid, 20 ÁC) 

n-Heptadecane C H 19.0 240 0.2 776.0 (liquid, 20 ÁC) 

n-Octadecane C H 28.0 200ï245 
0.15 (liquid, 40 ÁC) / 

0.36 (solid, 25 ÁC) 

774.0 (liquid, 70 ÁC) / 

814.0 (solid, 20 ÁC) 

n-Nonadecane C H 32.0ï33.0 222 
0.18 (liquid, 60 ÁC) / 

0.26 (solid, 19 ÁC) 
780.0 

n-Eicosane C H 36.0ï37.0 247 
0.15 (liquid) / 

 0.42 (solid) 
ï 

n-Heneicosane C H 39.0ï41.0 201 ï ï 

n-Docosane C H 44.0 249 ï ï 

n-Tricosane C H 47.5 232 ï ï 

n-Tetracosane C H 50.6 255 ï ï 

 

Table 1 : Thermal Properties of Paraffinic PCMs, C. Podara et al., 2021 

 

- Non-Paraffin Compounds 

 

Non-Paraffins constitute the most diverse category of organic PCMs, exhibiting a wide range 

of thermophysical and chemical properties. This category includes fatty acids, glycols, 

polyalcohols, esters and other bio-derived compounds, many of which are obtained from 

renewable resources such as animal fats and vegetable oils. Non-paraffinic PCMs are generally 

characterized by desirable features for latent heat thermal energy storage, some of which are 

high latent heat of fusion, good thermal stability, biodegradability and low toxicity. However, 

their applicability is often limited due to low thermal conductivity, higher costs and in some 

cases flammability compared to organic paraffin PCMs (A. Kamperi, 2019) 
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2.3.2  Inorganic PCMs 

 

Inorganic phase change materials include salt hydrates and metals. Salt hydrates have been 

studied for their use as PCMs and are typically an alloy of inorganic salts and water forming a 

crystalline solid of the general formula ABĿnH2O (J. Soibam, 2017). The phase change of this 

solid is a result of the dehydration reaction of this hydrated salt.  

Unlike organic materials, the inorganic PCMs have sharp phase changes at their melting 

temperature and high thermal conductivity. However, the main drawback of salt hydrates is the 

decreased performance after charging-discharging circles ( C. Podara et al., 2021) They are also 

characterized by poor nucleating properties which result in supercooling and discharging the 

energy at much lower temperature rather than in fusion temperature.  

 

2.3.3  Eutectic PCMs 

 

Eutectic phase change materials are a combination of two or more organic, inorganic or hybrid 

components that solidify congruently at a specific temperature, the ñeutectic temperatureò, 

which is typically lower than the melting temperature of the individual constituents. This 

characteristic allows the design of PCMs with tailored phase change temperatures and latent 

heat values in order to meet specific application requirements. (A. Kamperi, 2019)  

Organic eutectic mixtures, in particular, offer additional advantages such as long-term thermal 

stability, relatively high phase change enthalpy and good compatibility with porous support 

materials. However, despite their promising thermophysical properties, eutectic PCMs are often 

associated with higher material costs, and their thermal energy storage application remain less 

mature compared to conventional organic and inorganic PCMs. ( J. Soibam, 2017) 

 

 

Figure 2.3 : Types and Characteristics of Eutectic PCMs, W. Wong et al., 2023 
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2.4 PCM Incorporation Methods  

 

Although PCM incorporation techniques have been developed for a wide range of thermal 

energy storage applications, this chapter focuses on the methods most relevant to building-

related materials.  

Phase Change Materials can be integrated into construction materials and building systems 

through different incorporation techniques, depending on the desired level of thermal 

performance and compatibility with the host material. The most commonly used techniques 

include the following: 

 

- Direct incorporation,  

- Immersion,  

- Encapsulation,  

- Shape-stabilized PCMs 

- Form-stabilized PCMs composites (J. Pereira et al., 2025) 

 

2.4.1  Direct Incorporation 

 

Direct incorporation is the simplest approach for introducing PCMs into construction materials. 

In this method, the PCM, either in liquid or powder form, is mixed directly with materials such 

as gypsum, cement mortar or concrete during preparation. The main advantage of this technique 

lies in its low cost and ease of implementation, as it does not require additional processing. (Q. 

Al-Yasiri et al., 2021) 

However, despite its simplicity, direct incorporation presents its limitations. Since PCM is not 

physically contained within the host materials, leakage may occur during the melting phase, 

leading to incompatibility with the surrounding material, and in the case of organic PCMs 

increased risk of fire. Furthermore, when liquid PCMs are added to cementitious mixtures, they 

can disturb the water-binder ratio and weaken the mechanical properties of the mixture. As a 

result, although direct incorporation can enhance thermal storage capacity, its application is 

often restricted to non-structural elements of the building envelope. (J. Pereira et al., 2025) 
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2.4.2 Immersion 

 

The immersion technique relies on the absorption of liquid PCM into porous construction 

materials through capillary1 action. In this action, materials such as bricks, lightweight 

aggregates or gypsum products are submerged in molten PCM, allowing the liquid to penetrate 

their internal pore structure. After cooling, the PCM remains stored within the material.  

Immersion can achieve relatively high PCM content without altering the original material 

formulation. However, leakage remains a drawback, particularly during repeated thermal 

cycles. (J. Pereira et al., 2025) 

 

2.4.3 Encapsulation 

 

Encapsulation is widely regarded as one of the most effective PCM incorporation techniques. 

In this approach, the PCM is enclosed within a protective shell that separates it from the 

surrounding material , preventing leakage and improving compatibility.  

 

 

 

Figure 2.4 : Schematic principal of the encapsulated PCMs, J. Huang, 2021 

 

 

Depending on the size of the encapsulated PCM, this technique is classified into 

macroencapsulation (with diameters of 1 mm and more), microencapsulation (from 1 ɛm to 1 

mm) and nanoencapsulation (less than 1 ɛm). In all cases, the encapsulating material must be 

 
1 Capillary action is the process of a liquid flowing in a narrow space without the assistance of external forces 

like gravity (Britannica, 2025) 

https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Gravitation
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chemically stable and capable of accommodating volume changes during phase transition, 

while maintaining thermal conductivity. (J. Pereira et al., 2025) 

 

- Macroencapsulation 

 

This method involves storing PCMs inside containers such as tubes, spheres, panels or other 

structural elements, and has been the most convenient solution for building applications.  

Macroencapsulation offers advantages in terms of handling and installation, however heat 

transfer depends on the capsuleôs geometry, material or placement within the building element. 

Additionally, container materials must be resistant to corrosion and mechanical damage to 

ensure long-term reliability. (H. Akeiber et al., 2016) 

 

- Microencapsulation 

 

Microencapsulation consists of enclosing PCM particles, typically in the micrometer range 

within thin polymeric shells. These microcapsules are then mixed into construction materials. 

Due to their small size and large surface-to-volume ratio, microencapsulated PCMs generally 

exhibit improved heat transfer efficiency and better control of volume changes during phase 

transition.  

However, microencapsulation is associated with higher production costs and potential negative 

impact on the mechanical strength of the host material. (J. Pereira et al., 2025) 

 

- Nanoencapsulation 

 

Nanoencapsulation extends the principles of microencapsulation to the nanometer scale 

resulting in extremely high surface-area to volume ratios and enhanced thermal conductivity. 

This technique is still under active research and involves advanced chemical synthesis. (J. 

Pereira et al., 2025) 

 

2.4.4 Shape-Stabilized PCM 

 

Shape-stabilized PCMs are composite materials in which the PCM is physically retained within 

a supporting structure that prevents it from flowing when it melts, without the need for external 

encapsulation. 
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These materials offer improved dimensional stability and enhanced thermal conductivity 

through the use of conductive fillers. (Q. Al-Yasiri et al., 2021) 

 

2.4.5 Form-Stabilized PCM Composites 

 

Form-stabilized PCMs represent an advanced category of composite materials designed to 

retain a high PCM content while remaining solid throughout the phase transition.  

Unlike conventional encapsulation, the stabilizing structure itself ensures leakage prevention 

and mechanical integrity. This makes them suitable for long-term applications where thermal 

performance and durability are critical, but with a higher cost to manufacture. (Q. Al-Yasiri et 

al., 2021) 

 

2.5 Economic Analysis of PCM applications 
 

The economic evaluation of phase change materials in building applications is commonly 

approached through a life cycle perspective, as the integration of PCMs affects both the 

construction phase and the long-term economic value.  

As advanced functional materials, PCMs offer added value compared to conventional materials 

by providing thermal energy storage within a building envelope. This enhanced functionality, 

however, is accompanied by increased initial costs associated with material production and 

encapsulation, which significantly increase costs at the construction stage. (J. Pereira et al., 

2025) 

Life cycle assessment (LCA) studies indicate that PCM integration generally increases 

economic and environmental impacts during the construction phase due to higher material 

intensity and more complex manufacturing processes. Nevertheless, it is also highlighted that 

these systems are characterized by long service lives and their ability to enhance the thermal 

performance of building components. As a result, when the assessment is expanded to cover 

the entire building life cycle, the initial construction phase impacts are balanced with the 

prolonged functional contribution. (E. Kyriaki et al., 2017) 

Therefore, from a life cycle cost analysis (LCCA) standpoint, this comparison between higher 

initial costs and long-term performance leads to a more balanced economic outcome. However, 

ongoing research on LCA and LCCA of PCMs is focused on producing more accurate results, 

while enhancements in their technology and cost reduction strategies are expected to further 

improve their economic competitiveness. (E. Kyriaki et al., 2017) 
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2.6 Summary 

 

This chapter presented a comprehensive overview of Phase Change Materials, focusing on their 

fundamental operating principles, thermophysical properties, classification and incorporation 

methods into building applications. The phase transition mechanisms and latent heat storage 

properties were examined at microscopic and macroscopic level, establishing the basis for 

understanding PCM thermal behaviour. In addition, the main PCM categories and incorporation 

techniques were reviewed and analyzed in terms of performance, durability and compatibility 

with construction materials, as well as their economic outcome.  

Overall, this chapter establishes the theoretical and material framework required to critically 

assess how PCM solutions can be effectively integrated into real building applications.  

 

Chapter 3 : Integration of PCM in Building Applications 

 

3.1 Introduction 

 

Although Phase Change Materials (PCMs) have been approached and studied in the literature 

for several years, there are only a few that are suitable for the building industry, each associated 

with strengths and limitations. (A. Kurdi et al., 2021) 

However, in recent studies, the optimization and modification of PCM solutions for building 

applications is starting to move beyond purely theoretical investigations, incorporating 

experimental validation and performance monitoring in real building contexts. (S. Zhao et al., 

2024) This transition reflects a growing interest in assessing the actual potential of PCMs under 

realistic operating conditions. 

In this chapter, the integration of PCM solutions in building applications is examined through 

both commercially available PCM products and case study buildings, in order to provide an in-

depth analysis of PCM implementation strategies, their limitations, and their potential 

contribution to sustainable building design.  

 

3.2 Integration Strategies of PCMs in Building Components  

 

The integration of PCMs in building components can be broadly classified in two main 

categories, depending on the location and functional role of thermal storage, passive integration 
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within the building envelope or structural elements, and active integration in dedicated heat and 

cold storage units associated with building service systems. (J. Soiham, 2017) 

In passive applications, PCM charging and discharging occur automatically around the phase 

change temperature, allowing the material to absorb or release latent heat without mechanical 

control. In contrast, active PCM applications involve the use of PCMs in separate thermal 

storage units that operate in conjunction with heating, ventilation and air-conditioning systems. 

( A. Christakopoulos, 2012)  

Given that passive integration strategies dominate the current building-scale applications and 

play a significant role in the thermal behaviour of the building envelope, the PCM incorporation 

within the buildingôs components is presented below.  

 

3.2.1 Wall Assemblies 

 

The integration of PCMs in wall assemblies is one of the most extensively investigated 

strategies due to the dominant role of walls in heat transfer through the building envelope. 

PCMs can be incorporated into the wall system, either as a dedicated layer or embedded within 

conventional materials such as plaster, mortar or masonry units. (A. Christakopoulos, 2012)  

When integrated as a distinct functional layer, in addition to the intrinsic properties of the PCM, 

the overall performance of such systems is influenced by the manner in which the PCM is 

integrated within the wall assembly. Studies have demonstrated that PCM layers integrated 

closer to the interior side of the wall assembly tend to exhibit better phase change cycles, 

enhancing the utilization of their latent heat storage capacity. (Diagram b) of figure 3.1 ) (Q. Al 

Yasiri et al., 2020) 

 

 

Figure 3.1 : Schematic study of the PCM location within the wall assembly, Q. Al Yasiri et al., 2020 
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Overall, PCM-enhanced walls exhibit significantly increased effective thermal inertia, 

achieving thermal energy storage capacities several times higher than conventional wall 

materials for the same volume, while requiring much lower mass.  

 

3.2.2 Roofing Systems 

 

Although the integration of PCMs into various building components has been extensively 

studied, their application in roof systems has received comparatively limited attention. 

However, roofs are directly exposed to solar radiation and constitute a dominant pathway for 

heat transfer into buildings. (P. Abass, 2024) 

Experimental and numerical studies have shown that PCM- integrated roofs exhibit slower 

internal temperature rise and reduced heat flux at the interior surface compared to conventional 

roof systems. According to H.J. Alqallaf, reductions in internal surface heat flux typically range 

between 12-17% while peak indoor or ceiling temperatures can be lowered by several degrees, 

depending on the PCM configuration and climate.  

Overall, the existing literature confirms that PCM-integrated roof systems represent a 

promising passive strategy for reducing cooling loads and improving thermal comfort.  

 

3.2.3 Drywall / Plasterboard 

 

The use of PCM-enhanced gypsum boards (PCM-GBs) in buildings has gained particular 

attention in recent years due to their ability to improve both energy efficiency and indoor 

thermal comfort. (C. Xu et al., 2024) 

Two principal methods are commonly employed for the incorporation of PCMs into gypsum 

boards. In the first approach, the gypsum board is impregnated by immersion in liquid PCM, 

allowing the porous structure of the material to absorb a significant fraction of PCM by weight. 

In the second approach, the PCM is introduced in the form of microencapsulated particles, 

which are embedded within the gypsum. Microencapsulation ensures the containment of the 

PCM during the liquid phase and improves dimensional stability. Most commonly the PCMs 

used are organic paraffin waxes and salt hydrates. (A. Christakopoulos, 2012) 

During summer months, PCM-GBs can absorb excess heat from the outdoor environment, 

preventing excessive indoor temperature rises and reducing the cooling load. In contrast, during 

winter, the stored heat is released, reducing the heat demand. This technology holds significant 
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potential to contribute to energy savings, cost reductions and environmental sustainability in 

the building sector. ( C. Xu et al., 2024)  

 

3.2.4 Glazing Systems 

 

 

Figure 3.2 : Structural comparison of PCM-enhanced windows, D. Li et al., 2019 

 

PCM- integrated glazing, often referred to as PCM glazing or PCM-enhanced smart windows , 

involves the placement of latent heat storage materials within cavities of multilayer glazing 

units. During periods of high solar irradiance, the PCM undergoes a phase transition at its 

melting temperature, absorbing significant amounts of thermal energy and thereby reducing 

heat gains transmitted through glazing.  

In addition to thermal performance, PCM glazing has been shown to influence visual comfort 

and daylighting, with careful design required to balance energy benefits against potential 

reductions in visible transmittance. (H. Arasteh et al., 2022) 

 

3.3 Commercial PCM products for Building Applications  

 

3.3.1 ENRG Blanket by PhaseChange Solutions 

 

One example of commercially available phase change solutions for building applications is the 

ENRG Blanket, developed by Phase Change Solutions. The product is a flexible PCM blanket 

which has incorporated the BioPCM technology and is designed to be integrated into building 

envelopes as a passive thermal energy storage layer.  
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Figure 3.3 : ENRG Blanket, Model M-55 Q23 / PhaseChange Solutions, 2023 

 

The PCM core of the ENRG Blanket is engineered to melt and solidify at specific temperatures, 

typically ranging between 23 and 29ÁC, which aligns well with indoor thermal comfort setpoints 

commonly adopted in buildings. The latent heat capacity is reported to be approximately 210 

J/g, indicating a high thermal storage density compared to conventional sensible thermal mass 

materials. In addition, the product has a relatively low surface weight, minimizing structural 

implications when incorporated into lightweight building assemblies. (PhaseChange Solutions, 

2023) 

The product specifications stated above, are presented collectively on the table below : 

 

PRODUCT SPECIFICATIONS  

COMMON DESIGN TEMPS  23, 25, 27, 29ÁC 

SPECIFIC HEAT OF BIOPCMÈ 2.0ï 2.5 J/gÁC 

LATENT HEAT  210 J/g (85/lb) 

WEIGHT OF BLANKET  0.6 to 1 lb/ftĮ 

RECOMMENDED COVERAGE  65-85% of conditioned square footage 

 

 

ENRG Blanket products are shipped prefabricated in 24 x 48 inches sheets, allowing installation 

in both new constructions and existing buildings. Most commonly, such systems are 

incorporated in the buildingôs envelope on ceilings or roofs, integrated into walls or into the 

floors. This versatility enables installation without significant disruption, which makes the 

product suitable for existing buildingsô energy enhancement.  
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Figure 3.4 : ENRG Blanket Integration in Buildingôs Structure / PhaseChange Solutions, 2023 

 

According to the manufacturer, the integration of ENRG Blanket can contribute to reductions 

in HVAC energy consumption by up to 35%. While the exact performance impact depends on 

climate conditions, building typology and system operation, such PCM-based solutions 

demonstrate the potential of latent thermal energy storage to enhance thermal comfort and 

energy efficiency of building envelopes.  

Finally, from a sustainability perspective, the BioPCM used in ENRG Blanket is certified to 

include 100% bio-based content, using a combination of naturally available materials, waste 

streams from the petrochemical industry and additives. In terms of safety and regulatory 
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compliance, the product meets established fire performance standards such as the ASTM E84, 

ASTM E800 and UL 723 for surface burning characteristics. (PhaseChange Solutions, 2023) 

 

3.3.2 QE Platinum (Phase Change Insulation Blanket) 

 

QE Platinum is a patented, quilted mat that contains proprietary PCMs and multilayer film with 

a foil surface. Manufactured by a US-based company in Dallas, Texas, the product is designed 

to supplement conventional insulation by actively absorbing, storing and releasing thermal 

energy through latent heat effects. (K. Chua, 2022) 

 

  

Figure 3.5 : QE Platinum, PCM Blanket,qeplatinum.com, 2022 

 

In comparison to rival PCM-based solutions, QE Platinum is supplied as a flexible, multi-layer 

film that can be retrofitted over existing attic insulation or suspended ceiling tiles in both 

residential and commercial buildings. Once installed, the PCM layer absorbs excess thermal 

energy during periods of peak temperatures, releasing it and solidifying as temperatures decline. 

This mechanism appears similar to thermal ñbuffersò used in other PCM solutions, but in a form 

that can be laid directly over standard insulation systems without extensive modification to 

building structure.  
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Figure 3.6 : QE Platinum installation, qeplatinum.com, 2022 

 

QE Platinum can be tailored to regional climate conditions by selecting PCM formulations with 

phase change temperatures suited to anticipated ambient ranges. This adaptability allows the 

product to perform effectively across diverse climate zones. The manufacturer reports that the 

material can store up to 100 BTU per square foot of latent heat capacity and has achieved Class-

A fire safety rating under ASTM E-84, which supports its suitability within occupied building 

spaces.  

With respect to durability, the product has an expected lifespan of approximately 20 to 30 years, 

depending on the installation conditions and thermal cycling frequency. The system is also 

marketed as maintenance free once installed, with no required service over its operational life.  

Overall, QE Platinum represents an innovative application of phase change material technology 

that bridges the gap between passive insulation and active thermal management. While its core 

thermal mechanism is shared with other PCM products, its ease of integration and supplemental 

design distinguish it among the competitive advanced insulation technologies. (QE Platinum, 

2022) 

 

3.3.3 Micronal PCM developed by BASF 

 

Another commercial PCM solution for building applications is Micronal PCM, originally 

developed by BASF as a microencapsulated latent heat storage material for integration into 

construction products. Micronal PCM consists of paraffin-based waxes encapsulated within 

polymer shells of 5ɛm diameter, allowing repeated phase transitions without leakage or 

instability. The PCM is designed to undergo phase change within the indoor thermal comfort 
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range, typically at nominal melting temperatures of 21ÁC- 26ÁC, by absorbing excess thermal 

energy during peak temperature periods and releasing it when temperatures decrease.  

Micronal PCM is supplied in the form of dispersions or powders, enabling direct incorporation 

into conventional building materials such as gypsum boards, interior plasters, mortars or 

concrete. Through this material-integrated approach, Micronal PCM effectively increases the 

thermal mass of lightweight building envelopes to a range between 90 and 110 kJ/ kg, 

depending on formulation and melting temperature.  

 

 

Figure 3.7 : MicronalÈ PCM - Product Specifications  / micronal.de, 2008 

 

In addition, Micronal PCM has also been integrated in prefabricated building elements such as 

PCM-enhanced gypsum boards, concrete blocks and plasters. Demonstration projects and case 

studies have shown reduction in indoor temperature fluctuations and improved thermal comfort. 

(micronal.de, 2008) 

 

   

Figure 3.8 : MicronalÈ PCM ï Types of prefabricated PCM-enhanced Building Elements  / micronal.de, 2008 
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In addition, reported advantages of Micronal PCM include its long service life of tens of 

thousands of thermal cycles and its computability with industrial-scale manufacturing, as it can 

be fully embedded within construction materials.  

Overall, Micronal PCM represents a material-integrated approach to latent heat thermal storage 

that enhances the effective thermal mass of lightweight construction systems. Demonstrated 

reductions in temperature fluctuations and improved thermal comfort highlight its potential as 

a complementary strategy for energy- efficient building design.  

 

3.4 Case Study Applications of PCM in Buildings  

 

3.4.1 Council House 2 (CH2), Melbourne, Australia 

 

The Council House 2 (CH2) is a building designed by DesignInc in collaboration with 

Melbourne City Council in 2006 and was conceived as a pilot project to support the cityôs 

direction towards zero emissions by 2020. It is an office building located at the central business 

district of Melbourne, Australia. It is used by the City of Melbourne council, and in April 2005, 

became the first purpose-built office building in Australia to achieve a maximum Six Green 

Star rating, certified by the Green Building Council of Australia. (G. Chua, 2014) 

 

 

Figure 3.9 : Council House 2 (CH2), Melbourne, Australia / DesignInc, 2019 

 

https://en.wikipedia.org/wiki/Melbourne_central_business_district
https://en.wikipedia.org/wiki/Melbourne_central_business_district
https://en.wikipedia.org/wiki/City_of_Melbourne
https://en.wikipedia.org/wiki/Green_Star_(Australia)
https://en.wikipedia.org/wiki/Green_Star_(Australia)
https://en.wikipedia.org/w/index.php?title=Green_Building_Council_of_Australia&action=edit&redlink=1
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The overall environmental strategy of the CH2 prioritizes passive and low-energy systems, 

including natural ventilation, exposed thermal mass, night purging and radiant cooling. These 

applications aim to maintain indoor comfort while minimizing reliance on conventional HVAC 

systems. (DesignInc, 2019) 

Within this design approach, Phase Change Materials are used as a latent thermal energy storage 

solution. PCM technology in CH2 is used in conjunction with the buildingôs chilled ceiling 

system.  

Cooling energy is stored in three large water tanks located in the basement, each containing 

thousands of stainless-steel spheres filled with a salt-hydrate PCM with a phase change 

temperature of approximately 16 ÁC. During operation, chilled water is circulated through the 

tanks, where heat is absorbed by the PCM as it transitions from solid to liquid phase. This 

process allows a significant portion of the buildingôs cooling demand to be met through stored 

latent heat, reducing peak cooling loads during daytime operation. 

 

 

Figure 3.10 : Council House 2 (CH2), Melbourne, Australia / DesignInc, 2019 
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The PCM storage system is regenerated primarily during night-time conditions. When ambient 

temperatures are sufficiently low, excess heat is dissipated through cooling towers, enabling 

the PCM to re-solidify.  (G. Chua, 2014) 

Therefore, in CH2, PCMs function as a thermal storage buffer, supporting radiant cooling 

strategies and enabling load shifting between day and night operation. This case study 

demonstrates the potential of PCM integration at the buildingôs system, highlighting an 

alternative to envelope-based applications and illustrating how latent heat storage can enhance 

the performance of low-energy office buildings in temperate climates. 

 

3.4.2 Crossway Passive House, Kent, England 

 

The Crossway Passive House is a single-family house located in the southeast of England, in 

the Kent countryside. It was designed by Richard Hawkes and its construction ended in 2009. 

Since then, Crossway was nominated for the Stephen Lawrence prize as well as RIBA, 

Passivhaus, Grand Designs and Kent design awards. (J. Dowle, 2022) 

The architectural concept is defined by an insulated timber-frame positioned beneath a thin 

parabolic terracotta arch. This arch is conceived as the ground having been pulled up, providing 

accommodation beneath it, like a bird hide. The living roof supports over 100 tons of soil which 

hosts a wildflower habitat and is oriented to maximize passive solar gain and daylighting. 

(Hawkes Architecture, 2009) 

 

 

Figure 3.11 : Crossway Passive House, Kent, England / Hawkes Architecture, 2022 
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However, apart from the buildingôs geometry, orientation and envelope design, Crosswayôs 

environmental performance is also achieved through a combination of passive design strategies. 

High levels of thermal insulation, airtightness and controlled natural ventilation contribute to 

the reduction of the energy demand, while shading techniques and overall forms play a critical 

role in limiting overheating. (J. Dowle, 2022) 

Within this broader passive design framework, particular attention is given to the enhancement 

of the thermal performance of the lightweight structural system, as such structures exhibit 

limited thermal mass. To address this, phase change materials are incorporated into the building 

envelope in the form of PCM boards within the building fabric, increasing the effective thermal 

inertia of the envelope. In between the cellulose insulation and the interior-facing layer of 

plasterboard, Hawkes installed 5mm-thick DuPont Energain panels, which are designed to 

absorb ambient heat as room temperature rises (starting at about 24 ÁC), store it until the 

temperature drops (at around 18 ÁC), and then release it back into the room. As a result, indoor 

temperature fluctuations are reduced leading to thermal stability and enhanced thermal comfort 

for occupants. (R. Defendorf, 2010) 

 

 

Figure 3.12 : Crossway Passive House, Kent, England / Hawkes Architecture, 2022 
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In the Crossway Passivhaus, the PCM-enhanced internal surfaces complement the buildingôs 

passive solar strategy by mitigating the risk of overheating during periods of high solar gains 

and by extending the effectiveness of stored heat during cooler periods. Therefore, the 

application demonstrates how latent heat storage can partially compensate for the overall energy 

efficiency and thermal resilience of high-performance residential buildings.  

 

3.4.3 Senior Citizens Apartment, Domat/Ems, Switzerland 

 

Senior Citizens Apartment complex in Domat/Ems was designed by Swiss architect Dietrich 

Schwarz in 2004. In this residential project, Schwarz has incorporated PCMs in the glass system 

of the fa­ade of the building.  

The site of the building is located at the foot of the Tuma Falveng hill,  and the facility was 

constructed after the demolition of a former sawmill site in order to expand existing residential 

facilities for a nearby retirement home. The architectural design is strongly driven by the needs 

of its elderly residents providing spacious apartments personalized to their comfort. All 

residential units are oriented towards the south, without obstructions, and the fa­ade is 

conceived as an open glass-and-metal construction and serves as the primary interface for solar 

energy utilization. ( Schwarz Architekten, 2018) 

 

 

Figure 3.13 : Senior Citizens Apartment, Domat/Ems, Switzerland / Schwarz Architekten 

 

For that, the architect incorporated a latent heat storing insulation glazing system filled with 

salt hydrate over an area of 148 m2. The system used is called GLASSXcrystal, is 78 mm wide 
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and is constructed like an ordinary triple insulation glazing unit, but with a light directing prism 

panel outside and a PCM panel inside. The latter, consists of polycarbonate containers filled 

with salt hydrate mixture and can store heat at 26ÁC to 28ÁC. (Material District, 2010) 

 

  

Figure 3.14 : GLASSXcrystal glazing system, Domat/Ems, Switzerland / Schwarz Architekten 

 

In the summer the solar radiation is reflected back outside by the prismatic panels. However, 

during the winter the lower sun angle  allows solar radiation to pass almost unimpeded into the 

fa­ade construction, where it hits the PCM panel, is converted into thermal radiation and stored 

by the melting of the salt hydrate. If the room temperature falls below 26 ÁC the salt hydrate 

crystallizes and releases its stored energy into the room. This process is also visible through the 

fa­ade, with the panel being opaque whenever the PCM is uncharged and translucent or 

transparent as its being charged. ( A. Van Timmeren, 2009) 

Overall, this project demonstrates how PCM-integrated glazing can effectively combine 

architectural expression and passive thermal regulation within a residential building envelope.  

 

3.5 Summary  

 

Following the presentation of selected PCM products and case study buildings, a comparative 

assessment is presented in order to identify recurring PCM implementation patterns. For that, 

the reviewed examples are organized into comparative tables facilitating the identification of 

integration strategies and materials that are more commonly used in the building sector.  

In the table below, commercially available PCM products are compared. The selected products 

represent three distinct approaches to PCM deployment, ranging from add-on envelope layers 

to material-integrated solutions, highlighting different levels of construction compatibility. 
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PRODUCT 
ENERG BLANKET 

(BIOPCM) 

QE PLATINUM PCM 

BLANKET 
MICRONAL PCM 

MANUFACTURER  Phase Change Solutions QE Platinum BASF 

PCM FORM  
Flexible PCM Blanket (bio-

based) 

Quilted multilayer PCM 

mat with foil surface 

Microencapsulated 

paraffin PCM  

INTEGRATION 

STRATEGY 

Installed as a separate 

envelope layer in walls etc. 

Supplemental insulation 

layer, laid over existing 

insulation or ceiling 

systems 

Material integrated PCM 

embedded into gypsum 

boards, plaster or concrete 

PHASE CHANGE 

TEMPERATURE 

RANGE 

23-29 ÁC Customizable 21-26 ÁC 

LATENT HEAT 

CAPACITY  
210 J/g Up to 100 BTU/ft 90-110 kJ/kg 

TYPICAL 

APPLICATIONS  

Residential and commercial 

buildings 

Attics, suspended 

ceilings, residential and 

commercial building 

PCM enhanced boards, 

plasters, prefabricated 

envelope elements 

 

Table 3.1 : Comparative Table between Commercially available PCM products 

 

Flexible PCM Blankets, such as the ENERG and QE Platinum are designed to be installed as 

separate layers within wall or roof assemblies. Their main advantage lies in installation as they 

can be incorporated to both new and existing buildings. The relatively high latent heat capacity 

per unit mass allows effective thermal buffering, however performance depends strongly on 

correct design and placement. In addition, their contribution is often more limited compared to 

PCM solutions incorporated into other construction materials. 

One tel solution is Micronal, where PCMs are directly integrated into gypsum boards, plasters 

or concrete. This strategy provides thermal interaction across large surface areas and improved 

durability but also requires good design and execution because of the material complexity.  

Overall, this comparison shows that PCM product performance depends primarily on the degree 

of material integration within the building envelope.  
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Following this product-level comparison, the previously identified PCM integration strategies 

are examined in built examples. Below is the comparison table of the three selected case study 

buildings presented in paragraph 3.4 

 

PROJECT COUNCIL HOUSE 2 
CROSSWAY PASSIVE 

HOUSE 

SENIOR CITIZENS 

APARTMENTS 

LOCATION  Melbourne, Australia Kent, England Domat/Ems, Switzerland 

BUILDING TYPE  Office Building Single family house Multi-residential housing 

PCM 

INTEGRATION 

STRATEGY 

PCM integrated at building 

systems (basement thermal 

storage tanks linked to chilled 

ceiling 

PCM integrated within 

the building envelope 

(internal PCM boards 

behind the 

plasterboard) 

PCM integrated within the 

fa­ade glazing system 

(PCM-filled insulation 

glazing) 

PCM TYPE AND 

PHASE CHANGE 

TEMPERATUR E 

Salt Hydrate PCM in 

stainless steel spheres 
DuPont Energain Salt Hydrate PCM 

MAIN FUNCTION 

OF PCM 

Latent thermal energy 

storage for cooling load 

shifting 

Increase effective 

thermal mass and 

reduce temperature 

fluctuations 

Passive solar heat storage 

and release through 

facade 

 

Table 3.2 : Comparative Table between Built Case Studies 

 

The office building, CH2, demonstrates PCM use as part of the buildingôs services and thermal 

storage systems. This approach treats PCM as an energy management component and the phase 

change process occurs outside the occupied zones, meaning its contribution to thermal comfort 

is indirect. While this approach enables precise thermal control, it also requires advanced 

system design, limiting its applicability to complex, large-scale buildings.  

In contrast, the Crossway Passive House integrates PCM directly into the building envelope. In 

this case, PCM integration leads to passive stabilization of indoor temperatures, reducing daily 

temperature fluctuations without reliance on mechanical systems. Compared to the previous 

system-based solution, this approach is less complex and better suitable for residential and low-

energy buildings.  
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Lastly, Schwarzôs senior citizensô apartments represent a more experimental solution 

incorporating PCM within the fa­ade glazing systems. With this placement, the PCM can 

influence solar heat gain, surface temperature and heat transfer through the envelope. However, 

the additional complexity within such assemblies has kept them from outgrowing experimental 

or highly specialized projects.   

This building-scale analysis, together with the materials examined, defines the range of PCM 

integration strategies available. This overview provides the necessary background for the 

subsequent simulation study, where PCM behaviour and performance are examined under more 

detailed and realistic conditions.  

 

Part II ï Simulation Study 

 

Chapter 4: Methodology and Experimental Design 

 

4.1 Introduction to the Simulation Process 

 

In order to further investigate the findings derived from the theoretical analysis of Phase Change 

Materials (PCM) presented in the previous chapters, a series of numerical simulations is 

conducted using the DesignBuilder software.  

The aim of this simulation process is to evaluate the effect of PCM integration into the building 

envelope, on the indoor thermal environment and its thermal comfort conditions.  

For that, a case study building, located in Kos Island, is selected as a reference model for the 

numerical investigation. Through simulations, the interaction between building materials, 

climatic conditions, and indoor comfort parameters are examined, allowing deeper 

understanding of PCM behavior under real operating conditions.  

 

4.2 The DesignBuilder Software  

 

DesignBuilder is a building-performance simulation software that integrates geometric 

modelling with advanced environmental analysis tools. The software supports a wide range of 

applications, including thermal analysis, natural ventilation modelling, daylighting simulations, 

CFD studies, and energy performance assessments. (DesignBuilder, 2025) 
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While commencing the modelling procedure, the user specifies the location and climatic 

context of the project, through integrated weather datasets.2 When having determined the spatial 

configuration, parameters such as wind exposure, site orientation, and regional energy code 

settings, the modelling process can start. Users can import BIM or DXF plans or create 

geometry within DesignBuilderôs layout environment. The geometric modelling process is 

based on constructing blocks, which represent volumetric building components rather than 

thermal zones. Each block may contain multiple zones, and its geometry can be extruded, 

shaped using sloped walls or pitched roofs, or manipulated with Boolean operations for 

complex forms. For detailed internal organization, partition lines are drawn to subdivide block 

interiors into distinct thermal zones. Each entity designed is defined by its material properties, 

thermal transmittance (U-values), and surface characteristics, drawn from DesignBuilderôs 

libraries and predefined templates. (DeisgnBuilder, 2025) 

In addition to construction details, to accurately simulate environmental performance, the 

building must be assigned detailed operational schedules and internal load profiles which 

include occupancy patterns, clothing insulation, equipment loads, and thermostat setpoints for 

heating and cooling seasons.  

Once the geometric model, material properties, internal loads, and operational schedules have 

been fully defined, the building is ready for simulation. These analyses include thermal 

performance calculations, which evaluate heating and cooling loads across the year, energy 

consumption assessments that estimate end-use energy breakdowns for HVAC, lighting, 

equipment, and ventilation, and natural ventilation or airflow studies, either through EnergyPlus 

or through the integrated CFD solver for detailed air-movement predictions. Additional 

simulation capabilities include daylighting analysis using the Radiance engine, which provides 

metrics such as illuminance levels, daylight autonomy, and glare indices, as well as solar 

exposure and shading studies that evaluate the impact of seasonal sun paths on fa­ade 

performance. The outputs generated from these simulations range from hourly and monthly 

temperature profiles, comfort indicators (PMV/PPD), operational energy demands, and CO  

levels to visual representations such as sun-path diagrams, airflow vector fields, and irradiance 

maps. Collectively, these results provide a comprehensive understanding of the buildingôs 

performance under real climatic conditions and enable the evaluation of passive and active 

design strategies. (Chalvantzi Ai., 2021) 

 
2 Climatic input data are obtained from the International Weather for Energy Calculation (IWEC) database, 

ensuring that the simulations are driven by accurate and standardized weather information representative of the 

local climate. (Chalvantzi Ai., 2021). 
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Specifically in the present study, the focus of the simulation is placed on a selected subset of 

outputs for the thermal and energy performance of Phase Change Materials integrated within 

the building envelope. Accordingly, a structured simulation framework and defined evaluation 

criteria are established and presented in the following paragraph.  

 

4.3 Simulation Focus and Evaluation Criteria  

 

The primary objective of the simulation study is to investigate the impact of the integration of 

Phase Change Materials within the building envelope on indoor thermal conditions and 

occupant comfort. 

To ensure that the observed variations in indoor conditions are directly associated with the 

presence of the PCMs, all simulations are conducted under identical operational conditions. 

Therefore, occupancy schedules, internal heat gains, ventilation rates and heating and cooling 

setpoints are maintained constant across all examined scenarios.  

The evaluation of the PCM-enhanced envelope is primarily based on indoor air temperature 

profile and thermal comfort indices. In order to analyze such parameters, temperature 

fluctuations, peak temperature reduction and indoor conditions during periods of increased 

thermal stress are examined, through yearly and daily air temperature diagrams for the different 

scenarios. In addition, thermal comfort is assessed using the Fanger comfort model, through the 

analysis of the PMV and PPD indices. These indicators provide a quantitative assessment of 

occupant comfort, as stated in the theoretical part, and allow the comparison of thermal 

conditions between the baseline scenarios with the PCM-integrated ones.  

Overall, by focusing on these parameters, the simulation study aims to capture the contribution 

of PCMs in the thermal regulation of the building envelope and their effectiveness in improving 

indoor comfort conditions under real climatic operation.  

 

4.4 Summary  

 

This chapter presented the methodological approach adopted for the simulation study. Having 

introduced DesignBuilder Software, its simulations capabilities and the evaluation criteria, the 

study sets the context for the development of the numerical model. Overall, the framework 

established in this chapter provides a consistent basis for the simulation analysis conducted in 

the following stages.  
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Chapter 5 : Case Study Definition and Climatic Context 

 

5.1 Introduction  

 

Building upon the methodological framework and simulation approach presented in the 

previous chapter, this chapter focuses on the definition of the case study and the contextual 

parameters required for the numerical investigation.  

Initially, the climatic context of the study is introduced through an analysis of the Greek climatic 

zones, according to KENAK. The selected case-study building is then presented, along with its 

architectural characteristics and construction typology. Finally, this chapter describes the 

development of the numerical model in DesignBuilder, followed by the building envelope 

configurations and simulation scenarios.  

Through this approach, the chapter establishes the boundary conditions and assumptions 

necessary to ensure that the results of the analysis can be attributed exclusively to variations in 

envelope composition and PCM integration.  

 

5.2 Climatic Analysis of the Study Region  

 

Site weather data is an essential input for building energy, comfort and daylighting simulations, 

providing the key environmental conditions needed to drive the calculations. In the context of 

the present study, climatic conditions indeed play a significant role, since the case study 

building is evaluated under different climatic contexts in order to investigate the PCMsô 

performance across environmental variations.  

Greece is characterized by a predominantly Mediterranean climate, marked by hot and dry 

summers and mild to cold winters. However, climatic conditions vary between northern and 

southern regions or coastal and inland areas because of the complex topography and 

geographical position of the country. (G. Noutsos, 2022)  This climatic diversity has a direct 

impact on building energy demand profiles and thermal response.  

To account for this variability, Greece has been divided into four distinct climatic zones - Zone 

A, B, C and D - established by the Hellenic Ministry of Environment and Energy. This climatic 

zoning is based on long term meteorological data and aims to reflect regional differences in 

thermal conditions that directly affect building energy demand.  
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Figure 5.1 : Climatic Zones in Greece according to KENAK / N. Papamanolis, 2015 

 

Climatic Zone A corresponds to the warmest regions of the country and includes southern and 

island areas with mild winters and extended cooling periods. Climatic Zone B represents 

intermediate climatic conditions, encompassing a large portion of the Greek territory. Climatic 

Zone C is characterized by colder winter conditions and finally, Climatic Zone D includes the 

coldest regions of Greece, mainly located in northern and mountainous areas. (Regulation Of 

Energy Performance of Buildings ï KENAK, 2017) 

Within this climatic zoning framework, the present study focuses in two representative climatic 

zones of Greece, namely Climatic Zone A and Climatic Zone C3, in order to capture contrasting 

thermal conditions and assess the climatic sensitivity of PCM performance.  

Climatic Zone A is presented by the city of Kos, a southern island characterized by mild winter, 

extended cooling periods and strong maritime influence. In contrast, Climatic Zone C, 

represented by the city of Thessaloniki in this study, is a northern coastal urban area with colder 

winter conditions and also a strong maritime influence. The selection of these two locations 

allows for the evaluation of PCM- integrated building envelopes under different seasonal 

thermal patterns and enables a clear interpretation of the role of climatic variability on PCM 

effectiveness.  

 
3 All climatic data and visualizations presented in the paragraphs 5.3.1 and 5.3.2 were obtained using the CBE 

Clima Tool, developed by G. Betti et al. (2023) 
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5.2.1 Climatic Zone A - Kos Island 

 

As mentioned above, the climatic characteristics of Climate Zone A are illustrated through the 

climate analysis for the city of Kos using representative visualizations.  

 

 

 

Figure 5.2 : Yearly Dry-Bulb Temperature Chart for Kos, CBE Clima Tool 

 

 

According to the annual dry-bulb temperature diagram, average outdoor temperatures remain 

close to or within the adaptive comfort limits during the seasons. In the winter months, average 

outdoor temperatures range approximately between 10-14 ÁC, remaining below the ASHRAE 

adaptive comfort zones. From spring to early summer temperatures increase steadily and are 

mostly within the comfort range. Only in the prolonged period of summer does the temperature 

range exceed the upper comfort limits, with daily maximums in July and August surpassing 

30ÁC. Overall, the diagram confirms the moderate annual temperature variation and limited 

severities that characterizes Zone A. 
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Figure 5.3 : Annual Wind Rose for Kos, CBE Clima Tool 

  

The annual wind rose indicates that most winds originate from the north and northwest and are 

generally associated with moderate to high wind speeds. On the contrary, near zero wind speed 

are rare, reflecting persistent airflow throughout the year.  

 

 

Figure 5.4 :Psychometric Chart for relative Humidity for Kos, CBE Clima Tool 

  

Finally, the psychometric chart shows that humidity ratio increases with the increase in 

temperature. The highest frequency is moderate temperature and humidity ranges, while more 

extreme hot-humid conditions occur less frequently.  
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Overall, the combined analysis of temperature, wind and psychometric conditions confirm that 

Climate Zone A is characterized by mild outdoor conditions with limited climatic extremes.  

 

5.2.2 Climatic Zone C - Thessaloniki 

 

Accordingly, for the climate analysis of Thessaloniki (Climate Zone C), the annual dry bulb, 

wind rose and humidity ratio are presented below.  

As shown in Figure 5.5, average outdoor temperatures exhibit a wider seasonal variation 

compared to Climate Zone A. During winter months, the temperature ranges between 5-10 ÁC, 

remaining below the ASHRAE adaptive comfort zone. From spring, temperatures start to 

increase and peak during the summer reaching over 30 ÁC. Overall , the diagram reflects the 

more pronounced seasonal contrasts and higher thermal severities that characterize Zone C.  

 

 

Figure 5.5 : Yearly Dry-Bulb Temperature Chart for Thessaloniki, CBE Clima Tool 

 

The annual wind rose indicates a more disturbed wind pattern, with prevailing winds originating 

primarily from the north and northwest with moderate wind speeds, while eastern and southern 

winds occur with notable frequency. Calm wind conditions are more evident, suggesting 

periods of reduced airflow.  
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Figure 5.6 : Annual Wind Rose for Thessaloniki, CBE Clima Tool 

 

Finally, the psychometric chart shows a clear increase in humidity ratio with rising temperature, 

with a broader spread towards higher temperature and humidity combinations. The highest 

frequency lies within moderate conditions, although hot-humid occurrences are more frequent 

than Zone A.  

 

 

Figure 5.7 :Psychometric Chart for relative Humidity for Thessaloniki, CBE Clima Tool 
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Overall, the combined analysis of temperature, wind and psychometric conditions confirms that 

Climate Zone C is characterized by greater seasonal variability and more pronounced thermal 

extremes.  

 

5.3 Selection of the Case Study Building 

 

The selection of the case-study building aimed to provide a generic model, representative of 

Greek residential architecture. 

In particular, the chosen residence is a two-bedroom house located on the island of Kos. The 

building was constructed in 1992 and follows a conventional construction typology with a flat 

roof. Specifically, the external walls consist of a double-brick structure with a 3 cm air cavity 

in between, lacking thermal insulation, which is typical for buildings constructed around the 

same time. In the interior and exterior of the brickwork, the walls are finished with plaster.  

The building is oriented towards the southeast and it has its openings in the three exposed 

facades. The remaining wall is a shared wall with another property.  

 

 

Figure 5.8  : Case-study Building ï Southwestern facade / Source: Personal Visit 

 



59 

 

 

Figure 5.9  : Case-study Building - Northeast Facade / Source: Personal Visit 

 

Figure 5.10 presents the floor plan of the selected case study building, which is described in the 

following section.  

 

 

Figure 5.10  : Case-study Building Floor plan / Source: Personal Drawing 
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The living spaces are located on the southern side of the house, including the living room and 

the kitchen and dining area. The bedrooms and the bathroom are facing northwest. In total, the 

area of the property is approximately 95 m2.  

The selection of the case-study building constituted an essential part of the research, as it needed 

to satisfy specific criteria. Although physically located in the climatic zone of Kos, for the 

simulation process the model is also virtually placed in another region in Greece as mentioned 

previously. 

Therefore, it was selected due to its simple geometry and conventional construction typology, 

which facilitated the modelling and simulation process in DesignBuilder.  

 

5.4 Model Development in DeisgnBuilder 

 

The model development process aims to translate the physical characteristics of the selected 

case-study building into a numerical simulation model capable of accurately representing the 

buildingôs thermal and energy behaviour.  

 

5.4.1 Geometric Modelling and Thermal Zoning 

 

The geometric model of the building was developed within the DesignBuilder environment 

based on architectural drawings and on-site measurements.  

 

 

Figure 5.11  : Geometric Model of the Building / Source: Personal Model using DesignBuilder interface 
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The modelling process is based on the creation of a single block representing the building 

volume, which is subsequently subdivided into individual thermal zones using internal partition 

lines. Specifically, the living room combined with the kitchen - dining area, the bedrooms, and 

the bathroom are defined as separate thermal zones. This approach allows for a more accurate 

representation of internal heat gains and thermal comfort conditions within the building.  

 

 

Figure 5.12  : Geometric Model of the Building / Source: Personal Model using DesignBuilder interface 

 

The shared wall with the neighbouring property is defined as an adiabatic boundary, assuming 

no heat transfer between the two buildings, while the remaining fa­ades are modelled as 

exposed surfaces to outdoor environmental conditions. 

 

 

Figure 5.13  : Geometric Model of the Building / Source: Personal Model using DesignBuilder interface 
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5.4.2 Operational Parameters 

 

In order to isolate the impact of Phase Change materials (PCM) on the thermal performance of 

the examined building, all operational parameters were kept constant across all simulation 

scenarios. These parameters describe the buildingôs use, occupancy behaviour, HVAC 

operation, climatic data etc. 

 

- Climatic Data 

 

 Climatic data were defined using Typical Meteorological Year (TMYx) weather files from 

Climate.OneBuilding.Org. (GRC_AI_Kos.Ippokratis.Intl.AP.167420_TMYx.epw for Climatic 

Zone A and GRC_MH_Thessaloniki-Makedonia.AP.166220_TMYx.epw for Climatic Zone C ) 

 

- Occupancy and Internal Conditions 

 

 

 

Figure 5.14  : Occupancy and Activity Template Settings / Source: Personal Model using DesignBuilder interface 
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The activity template used in the model corresponds to typical residential use. The occupancy 

density is set to 0.0188 people/mĮ and clothing insulation values were defined using a seasonal 

schedule, with 1.0 clo for winter conditions and 0.5 clo for summer conditions. Thermal comfort 

setpoints are set to 21 ÁC for the heating setpoint and setback temperature to 12ÁC. Cooling 

setpoint was defined at 25 ÁC, with a setback temperature of 28ÁC. No humidity strategies were 

activated.  

 

- HVAC Systems and Ventilation 

 

 

Figure 5.15  : HVAC System and Environmental Control Settings / Source: Personal Model using DesignBuilder interface 

 

The building is equipped with a simplified HVAC system configuration representative of 

conventional residential buildings. Mechanical ventilation was not activated, while natural 

ventilation was enabled in mixed-mode operation. 

 

- Lighting and Internal Gains 

 

Lighting was defined using the Design Builder reference lighting template, with a normalized 

power density of 5W/ mĮ per 100 lux. 
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Figure 5.16  : General lighting Parameters/ Source: Personal Model using DesignBuilder interface 

 

- Glazing and Openings 

 

 

Figure 5.17  : Glazing Template and Window Configuration / Source: Personal Model using DesignBuilder 

interface 

 

External openings were modelled using a double clear glazing system (6mm glass/13 mm air 

gap) without any external or internal shading devices. No operable shading, roof glazing or 

local shading elements were included in the model ensuring that solar gains were solely 

influenced by climatic conditions. 
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5.4.3 Envelope Construction and Material Properties 

 

The following section presents the material composition of all building envelope elements used 

in the different simulation scenarios. As mentioned before, variations between scenarios 

concern only the composition and properties of the envelope materials, ensuring that any 

differences in the simulated thermal behaviour can be attributed solely to these changes.  

 

- Reference Envelope (Scenario 04) 

 

The reference envelope configuration represents the existing construction of the case-study 

building and is used as the baseline case for the evaluation of the alternative configurations.  

The external walls consist of a conventional double-brick masonry system with an unventilated 

air cavity in between and no thermal insulation. The calculated thermal transmittance (U-Value) 

is 1.58 W/mĮK and thermal resistance (R-Value) 0.63 W/mĮK. According to the Greek 

regulation of the Energy Performance of Buildings (KENAK) the maximum permitted U-value 

for external walls in Climatic Zone A is 0.60 W/mĮK and 0.45 W/mĮK for Climate Zone C.  

(KENAK,2017) Therefore, the U-Value calculated for the reference wall is substantially higher 

than the regulatory thresholds.  

Accordingly, the roof construction is modelled as a flat reinforced concrete slab without 

insulation. The resulting U-Value of the roof is 0.65 W/mĮK, while the limits for roofs for 

Climatic Zone A is 0.50 W/mĮK and for Climatic Zone C is 0.40 W/mĮK. (KENAK, 2017) This 

constitutes the uninsulated flat roof a significant pathway for heat losses during the heating 

period and heat gains during the cooling period.  

The ground floor of the reference building is modelled as a floor slab in contact with the ground, 

with a U-Value of 1.97 W/mĮK. While this value exceeds the maximum limits of KENAK, 1.20 

W/mĮK for Zone A and 0.75 W/mĮK for Zone C, the ground floor construction is maintained 

unchanged across all simulation scenarios.  

Finally, internal walls are constructed using single-layer brick masonry with plaster finishes on 

both sides. The internal partitions exhibit U-Value of 1.96 W/mĮK but do not directly contribute 

to heat exchange with the outdoor environment.  

 
4 Scenario Definitions and comparisons are presented in paragraph 5.5 
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a) External Wall, double brickwork with air cavity b) Roof Construction, concrete roof slab 

  

c) Floor, concrete slab with screed and ceramic tiles d) Internal wall , brickwork with plaster finish 

Figure 5.18 : Building Envelope Construction Assemblies and Thermal Properties for Scenario 0  / Source: Personal 

Model using DesignBuilder interface 
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- Insulated Envelope (Scenario 1) 

 

In Scenario 1, the external walls and roof of the reference building are modified through the 

addition of an external thermal insulation system, while all other parameters remain unchanged.  

For the external walls, an external thermal insulation system is applied on the outer surface of 

the existing masonry wall. The insulation system is based on the commercially available 

solution provided by ISOMAT and consists of an expanded polystyrene (EPS) insulation layer, 

combined with cement-based adhesive and finishing layers. The addition of the external 

insulation significantly improves the thermal performance of the wall assembly. The calculated 

U-value is reduced to 0.42 W/mĮK, which is below the maximum allowed value for both 

Climatic Zones. (KENAK,2017) 

Similarly, the roof construction has a U-Value of 0.30 W/mĮK, while the permitted limits 

defined by KENAK are 0.50 W/mĮK for Zone A and 0.40 W/mĮK for Zone C. 

 

  

a) External Wall, cavity brick wall with EPS insulation b) Roof Construction, concrete roof slab with EPS 

insulation 

 

Figure 5.19 : Building Envelope Construction Assemblies and Thermal Properties for Scenario 1  / Source: Personal Model 

using DesignBuilder interface 
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- PCM Envelope (Scenario 2) 

 

In Scenario 2, Phase Change Materials are integrated into the building envelope, without 

conventional insulation added to the external wall or roof. The PCM layer is placed on the 

internal side of the envelope assemblies, which is identified as the most effective configuration 

for Mediterranean climates based on findings reported by Q. Al Yasiri et al., (2020) (discussed 

in detail in Section 3.2.1). 

The phase change material selected for the simulation study is BioPCM M27/23. It is a 

commercially available macro-encapsulated PCM designed for integration in building 

applications. The phase change temperature range is centered around 23-27 ÁC, which is 

particularly suitable for Mediterranean climates.5 

For the external walls, the resulting U-Value is 1.45 W/mĮK. This rate remains higher than the 

maximum limits prescribed by KENAK (0.60 W/mĮK for Climate Zone A and 0.45 W/mĮK for 

Climate Zone C). The result is consistent with the modelling approach, since the integration of 

PCM is not intended to function as a conventional thermal insulation material, but rather to 

enhance thermal inertia through latent heat storage.  

Accordingly, the roof assembly of this Scenario consists of the original concrete slab and 

waterproofing layers, as well as the PCM layer added in the interior side of the slab. The U-

Value is 0.63 W/mĮK, while the KENAK limits are 0.50 W/mĮK for Zone A and 0.40 W/mĮK 

for Zone C. 

 

 
5 The thermophysical properties sheet of the BioPCM is provided in the Appendix. 
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a) External Wall, cavity brick wall with PCM b) Roof Construction, concrete roof slab with PCM 

 

Figure 5.20 : Building Envelope Construction Assemblies and Thermal Properties for Scenario 2 / Source: Personal 

Model using DesignBuilder interface 

 

- Insulated PCM Envelope (Scenario 3) 

 

Scenario 3 combines conventional thermal insulation with phase change materials (PCMs). 

The external walls consist of the original wall assembly, where an external insulation layer and 

an internal PCM layer are added.  

The resulting thermal transmittance (U-Value) of the wall assembly is 0.41 W/mĮK, which is 

below the maximum allowed U-Value for external walls by KENAK. (0.60 W/mĮK for Climate 

Zone A and 0.45 W/mĮK for Climate Zone C) This achieved U-Value is primarily because of 

the external insulation layer, while the PCM does not significantly alter steady-state heat 

transfer.  

Similarly, the roof assembly has a U-Value of 0.30 W/mĮK, when the maximum limits for 

Climatic Zone A is 0.50 W/mĮK and for climatic Zone C is 0.40 W/mĮK (KENAK, 2017) 
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a) External Wall, cavity brick wall with EPS Insulation 

and PCM 

b) Roof Construction, concrete roof slab with EPS 

Insulation and PCM 

 

Figure 5.21 : Building Envelope Construction Assemblies and Thermal Properties for Scenario 3 / Source: Personal Model using 

DesignBuilder interface 

 

 

5.5 Definition of the Simulation Scenarios 

 

The simulation scenarios were defined to enable a comparison of different envelope strategies 

under identical geometric, operational and climatic conditions.  

A reference Scenario (0) is used to represent the existing condition of the case-study building. 

Based on this, three additional scenarios are developed to examine the effects of conventional 

thermal insulation and PCM integration on the buildingôs envelope. The key characteristics of 

each scenario are presented in Table 5.1 below.  
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Scenario 0 

(No Insulation) 

Scenario 1 

(Insulation) 

Scenario 2 

(PCM) 

Scenario 3 

(Insulation+PCM) 

External Walls 

Double brick 

masonry, no 

insulation 

External 

Insulation 

(EPS) 

Internal PCM 

External 

Insulation + 

PCM 

Wall U-Value 

(W/mĮK) 
1.58 W/mĮK 0.42 W/mĮK 1.45 W/mĮK 0.41 W/mĮK 

Roof 
Uninsulated 

Concrete Slab 

Externally 

Insulated roof 

(EPS) 

Internal PCM 

External 

Insulation + 

PCM 

Roof U-Value 

(W/mĮK) 
0.65 W/mĮK 0.30 W/mĮK 0.63 W/mĮK 0.30 W/mĮK 

Openings 
Double glazing, 

No shading 

Double glazing, 

No shading 

Double glazing, 

No shading 

Double glazing, 

No shading 

Occupancy & 

Internal Gains 
Residential Residential Residential Residential 

HVAC 
Heating 21 ÁC/ 

Cooling 25 ÁC 

Heating 21 ÁC/ 

Cooling 25 ÁC 

Heating 21 ÁC/ 

Cooling 25 ÁC 

Heating 21 ÁC/ 

Cooling 25 ÁC 

Climatic 

Zones 

Zone A (Kos), 

Zone C 

(Thessaloniki) 

Zone A (Kos), 

Zone C 

(Thessaloniki) 

Zone A (Kos), 

Zone C 

(Thessaloniki) 

Zone A (Kos), 

Zone C 

(Thessaloniki) 

 

Table 5.1 : Definition of the Simulation Study Scenarios 

 

5.6 Summary 

 

This chapter established the climatic, architectural and modelling framework adopted for the 

numerical simulation study. 

Two representative Greek climatic zones, Climate Zone A and Climate Zone C, were selected 

to reflect contrasting thermal conditions, represented by Kos and Thessaloniki, respectively. A 

representative residential building was selected and modelled in DesignBuilder for the 

simulation-based analysis.  
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Then, four envelope configurations were defined, representing the existing building condition, 

a conventionally insulated envelope, a PCM integrated envelope and the combination of both. 

All scenarios were simulated under identical geometric, operational and climatic conditions.  

Overall, the adopted modelling assumptions represent a balance between computational 

efficiency and sufficient accuracy, establishing a consistent basis for the comparative 

assessment of the simulation results presented in the following chapter.   

 

Chapter 6 : Simulation Study results 

 

6.1 Introduction 

 

This chapter presents the results of the dynamic thermal simulations conducted for the 

examined scenarios.  

The findings are organized through diagrams that illustrate the variation of indoor air 

temperature and thermal comfort conditions, expressed by the Fanger indices PMV and PPD, 

and are analysed for climatic Zone A and climatic Zone C, in order to capture potential 

differences related to the climate and zone characteristics of each region of Greece. 

For each climatic zone, the same set of diagrams are analysed. These include annual 

performance diagrams, and during a typical summer (08/12 ï 15/12)  and a typical winter week 

(19/11-26/11). The annual diagrams provide an overall perspective of the buildingôs thermal 

behaviour throughout the year highlighting seasonal variations and long-term performance. The 

summer and winter period diagrams allow for a clear distinction between cooling and heating 

conditions, while the typical weekly diagrams offer a more detailed insight into short-term 

dynamic behaviour and daily fluctuations.  

 

6.2 Zone A ï Simulation Study Results 

 

Figure 6.1 presents the annual variation of indoor air temperature in Zone A for all examined 

scenarios, together with the outdoor dry-bulb temperature.  
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Figure 6.1 : Annual variation of indoor air temperature across all the examined scenarios in climatic Zone A 

/ Source : Own processing 

 

A clear differentiation is observed between the insulated scenarios (Scenario 1 and Scenario 3) 

and the remaining configurations, especially during the cooler part of the year. The results 

appear to be higher compared to the reference case (Scenario 0). In contrast, the scenario with 

only PCMs (Scenario 2) remains very close to the reference case throughout the year, 

suggesting that the PCM does not introduce a pronounced shift in the annual indoor air 

temperature yearly.  

However, the combined insulation and PCM case (Scenario 3) does not exhibit a substantial 

deviation from the insulated-only scenario (Scenario 1), implying that the additional 

contribution of PCM is comparatively small when assessed through annual indoor air 

temperature alone. This outcome is expected when the PCM activation (melting/solidification) 

is either limited in duration or occurs in a way that mainly affects short term temperature 

dynamics rather than the annual mean profiles.  

In summary, the annual temperature results indicate that thermal insulation is the dominant 

factor influencing indoor air temperature, while PCM integration produces only marginal 

differences relative to the baseline scenario.  
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Figure 6.2 : Annual variation of Fanger indices (PPD-PMV) across all the examined scenarios in climatic Zone A / Source : Own processing 

 

Regarding the PPD index, high levels of predicted dissatisfaction are recorded during the colder 

months of the year, with values exceeding 60-70% across all scenarios. During this period, 

Scenarios 1 and 3 present lower PPD values compared to the reference case, indicating a modest 

improvement in thermal comfort. In contrast, the PCM-only scenario follows a trend similar to 

the reference case. 

A similar pattern is observed in the PMV results as well. Throughout the year, PMV values 

remain predominantly negative, particularly during winter and the transitional periods, 

indicating thermal sensations ranging from slightly cool to cold. Again Scenarios 1 and 3, with 

insulation, appear to be slightly higher compared to Scenario 0.  
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Figure 6.3 : Indoor Air Temperature variation during a typical summer week across all the examined 

scenarios in climatic Zone A / Source : Own processing 

  

Figure 6.3 presents the variation of indoor air temperature during a representative summer week 

(05 August ï 12 August) for all examined scenarios.  

The outdoor temperature profile is characterized by high temperatures, reaching 31 ÁC by day 

and 23 ÁC by night, typical of climatic Zone A in which nighttime temperature drops are limited 

during the summer.  

Across all scenarios, indoor air temperatures fluctuations are between approximately 23,5 ÁC ï 

26 ÁC, which lies barely into the recommended thermal comfort range. However, Scenario 0 

(No Insulation) and Scenario 2 (PCM) frequently approach the upper comfort threshold, 

indicating marginal comfort conditions during peak hours.  

Scenario 2 (PCM) exhibits indoor air temperatures very close to the reference case, with 

differences limited to 0.2ÁC. This limited performance is attributed to the climate characteristics 

of Zone A, where elevated nighttime temperatures block complete PCM solidification and 

restrict its latent heat storage capacity.  

However, the introduction of thermal insulation in Scenarios 1 and 3 result in reduction of peak 

indoor temperature of about 0.5 ÁC, leading to a more stable indoor thermal environment and 

improved conditions throughout the diurnal cycle.  

Overall, the results indicate that under summer conditions of climatic Zone A, thermal 

insulation is the dominant factor influencing indoor air temperature and thermal comfort.  The 
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role of PCM appears to be mainly associated with comfort enhancement rather than comfort 

achievement.  

 

  

Figure 6.4 : Fanger PMV and PPD variation during a typical summer week across all the examined scenarios in climatic Zone A  

/ Source : Own processing 

 

Accordingly, figure 6.4 illustrates Fanger PMV and PPD indices during the same representative 

summer week.  

Throughout the examined period, the PMV values remain negative, ranging approximately 

between -1.5 and -0.4, corresponding to slightly cool to cool thermal sensation.  

Scenario 0 (No insulation) and Scenario 2 (PCM) exhibit very similar PMV profiles, with 

differences limited to 0.1 PMV units, confirming that PCM integration alone does not 

significantly affect perceived thermal sensation during summer conditions.  

In contrast, Scenarios 1 and 3 demonstrate more negative values compared to the reference 

case, particularly during nighttime. This behaviour corresponds to the reduced peak indoor 

temperatures observed in these scenarios (0.5 ÁC lower that Scenario 0) and indicated improved 

thermal conditions. The combined insulation and PCM scenario (Scenario 3) exhibits the most 

stable PMV profile.  

As for the PPD results, the values reflect the PMV trends. Higher PPD values between 40%-

50% are observed in the insulated configurations, particularly during nighttime, because of the 

lower indoor temperatures.  

Overall, the PMV and PPD indices confirm that thermal insulation has a more pronounced 

impact on summer indoor thermal conditions than PCM integration. 
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Figure 6.5 : Indoor Air Temperature variation during a typical winter week across all the examined scenarios 

in climatic Zone A / Source : Own processing 

 

Figure 6.5 presents the variation of indoor air temperature during a representative winter week 

(18 February ï 26 February) for all examined scenarios. 

The outdoor temperature profile is characterized by relatively mild winter conditions, typical 

of climatic Zone A, with daytime temperatures reaching 15 ÁC -16 ÁC and nighttime around 

10ÁC -11 ÁC.  

Across all scenarios, indoor air temperatures range approximately between 17 ÁC and 20.5 ÁC, 

remaining below the recommended winter thermal comfort range for extended periods. In 

Scenario 0 (No insulation) and Scenario 2 (PCM), temperatures often drop to 17.5 ÁC ï 18 ÁC 

during nighttime, indicating marginal thermal conditions during the coldest hours of the day. 

Again, the introduction of thermal insulation in scenarios 1 and 3 results in consistently higher 

indoor air temperatures throughout the examined period. Peak values reach approximately 

20.5ÁC- 20.8ÁC while nighttime temperatures remain above 18ÁC-19ÁC, representing an 

increase of almost 1ÁC compared to the non-insulated scenarios.  

The combined insulation and PCM scenario has the most stable temperature profile and, as 

observed in the summer week, the additional contribution of PCM relative to the insulated-only 

scenario remains typically below 0.2ÁC-0.3ÁC.  
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Altogether, the winter results confirm the climatic profile of Zone A. While thermal insulation 

reduces peak indoor temperatures and overheating during summer, it contributes to higher and 

more stable indoor temperatures during winter. However, PCM integration shows limited 

impact in both seasons, suggesting its effectiveness is constrained under the relatively mild 

winter conditions and minimal temperature fluctuations of climatic Zone A of Greece.  

 

 

  

 

Figure 6.6 : Fanger PMV and PPD variation during a typical winter week across all the examined scenarios in climatic Zone A 

/ Source : Own processing 

 

As for the PMV values, they remain strongly negative across all configurations, ranging 

approximately between -2.7 and -1.4, indicating predominantly cold thermal sensations. These 

values are significantly lower than those observed during the summer typical week. 

In the reference case, (Scenario 0 ï No Insulation) and the PCM configuration (Scenario 2) the 

PMV profiles are almost identical, reaching values close to -2.5, indicating profound thermal 

discomfort.  

In contrast, the insulated scenarios present consistently higher PMV values, by day from -1.6 

to -1.7 and during the night reaching minima above -2.1. The improvement between Scenarios 

1 and 3 are approximately 0.4 - 0.6 PMV units above the compared non-insulated 

configurations. 

The corresponding PPD results indicate high levels of thermal dissatisfaction across all 

scenarios ranging between 50% - 88%. Especially in the non-insulated configurations, during 

nighttime, dissatisfaction exceeds 80-85%, when insulated ones are reduced by 8-12 percentage 

points.  
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Overall, the winter PMV and PPD results demonstrate a clear difference with the summer 

period. During winter, comfort is primarily constrained by insufficient indoor temperatures, 

underlining the seasonal dependance of passive strategies on thermal comfort performance.  

 

6.3 Zone C ï Simulation Study Results 

 

Figure 6.7 presents the annual variation of indoor air temperature for the case study building 

when located in the climatic Zone C of Greece. As stated before, the same building 

configuration and simulation framework are maintained, allowing the impact of the climatic 

conditions to be assessed under otherwise identical parameters.  

 

 

Figure 6.7 : Annual variation of indoor air temperature across all the examined scenarios in climatic Zone C 

/ Source : Own processing 

 

In Zone C, a similar pattern is observed, with a clear differentiation between the insulated 

scenarios (Scenario 1 and 3) and the remaining configurations, particularly during the colder 

part of the year, where indoor temperatures are consistently higher compared to Scenario 0 (No 

insulation) and Scenario 2 (PCM). Again, this behaviour confirms the dominant role of 

insulation in reducing heat losses and stabilizing indoor thermal conditions over extended 

periods.  
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In contrast, the PCM-only model (Scenario 2) remains closely aligned with the reference case 

throughout the year, indicating that PCM integration alone does not lead to a pronounced shift 

in the annual indoor air temperature profile. Moreover, PCM activation under the climatic 

conditions of Zone C is either intermittent or insufficient to produce a measurable effect on 

annual temperature averages, despite its potential influence on short term thermal dynamics.  

Similarly, the combined insulation and PCM scenario (Scenario 3) does not exhibit substantial 

differences compared to the insulated-only Scenario (2).  

Overall, the annual analysis indicates that thermal insulation remains the dominant factor 

influencing indoor air temperature, while the impact of PCM is not affecting the long-term 

annual averages.  

 

 

  

 

Figure 6.8 : Annual variation of Fanger indices (PPD-PMV) across all the examined scenarios in climatic Zone C / Source : Own 

processing 

 

In figure 6.8 , the annual evolution of Fanger PMV and PPD is examined, exhibiting a clear 

seasonal pattern. During the coldest winter periods PMV values reach from -3.5 to -4, while 

being close to -1 during the summer, indicating a cold thermal sensation over most of the year. 

Correspondingly, PPD levels remain relatively high, exceeding 70-80% for extended periods, 

reaching even 100% during winter months. 

Again, Scenarios incorporating thermal insulation (Scenarios 1 and 3) demonstrate a shift of 

PMV values of approximately 0.5 units compared to the non-insulated configurations, resulting 

in a reduction of the predicted dissatisfaction as well.  










































