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1. INTRODUCTION 

1.1. Energy Impacts of Heating and Cooling Loads in Buildings 

Globally, buildings are becoming major energy consumers, with heating and cooling alone 

representing up to 40 % of commercial building energy and as much as 61 % of homes. The 

International Energy Agency (IEA) identifies the building sector as the largest single user of 

energy worldwide and warns that if nothing changes, demand for space heating could climb by 12 

% and for cooling by 37 % by 2050 [1]. 

The building envelope (walls, roof, windows, and floors) works as the primary interface 

between indoor and outdoor environments. It not only protects occupants from the weather, but 

also governs how much thermal energy enters or escapes. A substantial portion of heating and 

cooling demand is associated with heat transfer through the envelope, while additional loads arise 

from ventilation, infiltration and internal gains. Reflecting this, the IEA reports that the greater 

part of recent investment in the sector has gone toward renovating and constructing higher-

performance envelopes, as shown in Fig. 1.1, and that building operations plus construction 

accounted for 39 % of energy-related CO2 emissions and 36 % of final energy use in buildings in 

2018 [2]. 

 

Fig. 1.1: Investments in energy efficiency globally and total building spending [2] 

To reduce these loads, researchers and practitioners have explored a variety of envelope-

focused strategies [3,4]. One of the most promising approaches is embedding phase change 

materials (PCMs) into building components. By absorbing and releasing latent heat as it melts and 

solidifies, PCMs can smooth out temperature swings, reducing heating and cooling demands while 

maintaining thermal comfort [5-11]. Recent studies [12-14] continue to investigate new PCM 
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formulations and ways to integrate them most effectively. As Fig. 1.2 shows, publications on 

PCM-enhanced envelopes have surged since 2012, reflecting the growing interest in this flexible 

energy storage solution. 

 

Fig. 1.2: Published papers per journal throughout the last 10 years using the Scopus database 

1.2. Thermal Energy and Load Reduction Techniques in Buildings 

Most of us, over 85 % of our lives are spent indoors, relying on buildings to keep us 

comfortable, healthy, and safe from the weather. Researchers have offered many definitions of 

comfort, but they generally agree that it hinges on the interplay between our bodies and the 

surrounding environment, especially when it comes to thermal comfort, well-being, and our ability 

to control conditions [15]. 

The building envelope significantly influences the comfort levels, natural lighting, ventilation, 

and how much energy is needed to heat and cool a building. If current trends continue, global 

cooling demand could surge by nearly 150 % by 2050, and by an astonishing 300-600 % in 

developing regions. Simple, cost-effective measures like reflective paints on walls and roofs, 

exterior shading devices, and low-emissivity window films can dramatically reduce cooling loads 

in hot climates [16]. Conversely, smart envelope design and advanced glazing can capture passive 

solar heat to reduce energy needs in colder areas. 

Researchers are exploring a spectrum of passive and active strategies to boost an envelope’s 

thermal performance and storage capacity. Together, these innovations hold the promise of cutting 

building energy use by up to 20 % by 2030 [17]. Among the most exciting developments is the 

integration of PCMs. By absorbing heat as it melts and releasing it when it solidifies, PCMs offer 

a dynamic way to balance peaks in building loads, bridging the gap between energy supply and 

demand, and are rapidly gaining traction in the construction sector. 

1.3. The Idea Behind PCMs 

PCMs can absorb and release heat during phase transition (from the solid to liquid state and 

vice versa) under a constant temperature, as seen in Fig. 1.3. These materials can absorb and 

release large amounts of heat for a limited unit volume by storing heat during the melting and 
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charging phases and releasing it during the solidification and discharge phases. PCMs may 

effectively manage energy in a variety of applications. This helps to regulate the required amount 

of energy. Additionally, by delaying and reducing peak thermal loads, PCMs can shift part of the 

heating and cooling demand to off-peak periods, which may reduce peak HVAC capacity 

requirements and improve operational performance depending on the building system and control 

strategy [18,19]. 

 

Fig. 1.3: Heat transition regions 

1.4. Classification of PCMs 

PCMs are typically grouped into three main categories: organic, inorganic, and eutectic, based 

on their chemical composition, as illustrated in Fig. 1.4. Each of these PCM categories offers 

distinct thermal characteristics and operating temperature ranges, as shown in Fig. 1.5, making 

certain types more suitable for specific applications than others. 

 

Fig. 1.4: Classification of PCMs [20] 
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Fig. 1.5: Melting temperatures and phase change enthalpy for PCMs [21] 

Table 1.1 summarizes the key advantages and disadvantages associated with these PCM types. 

Beyond their basic thermal properties, selecting the ideal PCM depends significantly on matching 

its melting point with the specific temperature range of the intended application. 

Table 1.1: Characteristics of PCMs [22,23] 

PCM type 

 

Organics 

(Paraffin wax, fatty acids, 

and vegetable oils) 

Inorganic 

(Salt hydrates) 
Eutectic 

A
d

v
a
n

ta
g
es

 

Wide temperature range of 

availability 

High thermal storage 

capacity 

Sharp melting and boiling 

points 

The high heat of fusion Good thermal conductivity 

Higher volumetric storage 

density than the organic 

PCM 

physical and chemical 

stability 
Low cost  

Environmentally safe Available easily  

No subcooling Nonflammable  

No segregation Low vapor pressure  

D
is

a
d

v
a
n

ta
g
es

 Low thermal conductivity Show subcooling Costly 

Large volume change 

during phase transition 

Considerable change in 

volume 

Limited data available for 

thermophysical properties 

Unstable at high 

temperatures 
Show phase segregation  
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No sharp phase transition 
Incompatible with metallic 

containers 
 

Low enthalpy   

Flammable   

1.5. Applications of PCMs 

PCMs have emerged as highly promising solutions for storing energy and managing heat 

transfer across various applications. Recent studies have particularly emphasized their potential 

within solar energy systems, demonstrating strong performance in numerous heat transfer 

scenarios [24]. Moreover, researchers have explored PCMs as effective thermal storage options in 

both heating and cooling installations [25], thermal storage tanks [26], and solar cooking devices 

[27]. Additionally, PCMs are increasingly integrated into electronic systems as effective heat sinks 

to regulate device temperatures [28]. Their incorporation into building envelopes further 

showcases their versatility and significant contributions toward energy efficiency. 

1.6. PCM-Incorporated Building Envelope 

Building components such as roofs, floors, external walls, and windows form the primary 

protective barrier, insulating indoor spaces from external conditions. This building envelope 

significantly influences thermal loads, determines heating and cooling needs, and directly impacts 

occupant comfort. To effectively harness their energy storage potential, PCMs can be integrated 

into building envelopes using various techniques and configurations. However, incorporating 

PCMs into building materials is not straightforward, it involves carefully navigating numerous 

interrelated parameters. These factors are closely related to the specific thermal properties of 

PCMs and the practical challenges associated with their integration into different building 

components. 

1.6.1. PCMs Selection 

Choosing the right PCM type for a given application is important by carefully considering the 

needed features. These properties can be categorized as follows: 

• Thermophysical properties: play a crucial role in determining the effectiveness of PCMs 

in building applications. Important characteristics include melting points that closely match the 

typical temperature range of the intended application, high latent heat storage capacity, strong 

specific heat, effective thermal conductivity, minimal subcooling, significant density, low vapor 

pressure, and stable performance over many melting-solidification cycles. Table 1.2 summarizes 

these essential PCM characteristics as investigated by various studies. 
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Table 1.2 Thermophysical properties of PCM reported in different literature 

PCM type 

Melting 

temperature 

[°C] 

Heat of 

fusion 

[kJ/kg] 

Thermal 

conductivity 

[W/mK] 

Density 

[kg/m3] 

Specific heat 

[kJ/kgK] 
Ref. 

   Liquid Solid Liquid Solid Liquid Solid  

Organic PCMs 

Paraffin 23 200 0.2 0.2 - 860 - 2.1 [29] 

Bio PCM 27-29 245 - 0.2 770 880 - 2 [30] 

PCM wallboard 25.8 28.7 - 0.134 - - - 1.2 [31] 

PCM-27 27 172.42 0.58 1.05 1710 1530 2.22 1.42 [32] 

RT-18 17-19 225 - 0.2 770 880 - 2 [33] 

Inorganic PCMs 

Salt hydrate 27.5 194 - - - - - - [34] 

Salt hydrate 25-27 122.3 0.54 1.08 - 1100 2.31 1.34 [35] 

Salt hydrate 28.9 190 - 1 - 1700 - 3.02 [36] 

Salt hydrate 22.6-30.7 122.3 0.54 1.08 - 1100 2.31 1.34 [37] 

SP-22 18-22 150 0.5 0.5 1400 1500 2 2 [38] 

Eutectic PCMs 

Eutectic 22 130.2 - - - - - - [39] 

Eutectic 14.2 98.21 - - - - - - [39] 

Eutectic 21 155 - - - - - - [40] 

Eutectic 24 147.7 - - - - - - [41] 

Eutectic 25.5-27 203.8 - - - - - - [42] 

Evaluating the thermophysical properties of PCMs is essential to ensure their suitability for 

specific building applications. Differential Scanning Calorimetry (DSC) is the most commonly 

employed and effective method for this purpose. DSC precisely identifies key properties such as 

melting and solidification points, enthalpy values, overall heat storage capacity, and specific heat. 

Additionally, PCM manufacturers and suppliers typically supply technical data sheets detailing 

these thermophysical properties, validated across multiple thermal cycles. Selecting the 

appropriate PCM also requires careful consideration of local climate conditions, particularly in 

areas experiencing significant weather fluctuations. Furthermore, careful planning and precise 
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installation are vital to prevent common PCM issues such as material segregation and subcooling, 

which can severely limit their performance and practical use [43]. 

• Chemical properties: no segregation, interaction with the encapsulating material, 

irradiative, nonflammable, noncorrosive, nonexplosive, and stable phase transition cycles 

throughout long service life.  

• Other: widely available, inexpensive, eco-friendly, and recyclable.  

1.6.2. Incorporation Techniques 

PCMs are incorporated into building envelope elements by one of the following techniques.  

• Direct incorporation: the simplest and most cost-effective method of incorporating PCM 

into building materials involves directly mixing the PCM, either in powder or liquid form, into 

common construction mixtures, such as gypsum mortar, cement mortar, or concrete. This 

straightforward technique requires minimal expertise and can be easily carried out without 

specialized equipment [44]. 

However, this direct integration method comes with notable drawbacks. One significant issue 

is PCM leakage during its melting phase. If the PCM used is flammable, this leakage can lead to 

incompatibility with building materials and increase fire risks. Furthermore, mixing PCM directly 

into building materials, especially when the PCM is in a liquid state, can negatively affect the 

mechanical properties of the finished structural components. Specifically, the introduction of 

liquid PCM into mixtures can disrupt the proper water-to-material ratio, resulting in weakened 

structural integrity, particularly at elevated temperatures [45]. 

• Immersion technique: the immersion technique involves soaking porous building materials 

in liquid PCM, which is then absorbed into the material by capillary action. Despite its simplicity, 

this approach has several notable drawbacks when used in concrete structures. Key concerns 

include PCM leakage during melting, potential incompatibility with structural materials, and an 

increased risk of corrosion in embedded steel reinforcement bars [46]. 

• Encapsulation technique: encapsulation is an effective solution to the problem of PCM 

leakage and plays a key role in enhancing the material's compatibility with building components. 

By enclosing the PCM within a protective barrier, this method prevents direct exposure to the 

environment and significantly reduces the risk of leakage. More than just a containment strategy, 

encapsulation also increases the heat transfer surface area, which improves thermal conductivity 

and, in turn, maximizes the PCM’s energy storage performance [22]. 

There are two main encapsulation approaches: macro-encapsulation and micro-encapsulation. 

In macro-encapsulation, PCMs are contained within larger structures such as tubes, shells, panels, 

or plates. Micro-encapsulation, on the other hand, involves coating the PCM with a fine polymer 

shell, creating microscopic capsules that can be embedded into building materials, as shown in 

Fig. 1.6 [47,48]. 
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Fig. 1.6: Micro-encapsulation technique 

Regardless of the method, the choice of encapsulating material is crucial. It must prevent 

leakage, preserve the PCM’s thermal properties, avoid chemical reactions with the PCM, and 

remain stable under thermal and mechanical stress. It should also accommodate any volume 

changes that occur during phase transitions while maintaining structural integrity and thermal 

performance over time [49,50]. Materials like aluminum, copper, and stainless steel are commonly 

used in macro-encapsulation systems due to their excellent thermal conductivity, structural 

strength, and long-term compatibility with building materials [51]. Examples of these macro-

encapsulation designs are illustrated in Fig. 1.7. 

 

 Fig. 1.7: Macro-encapsulation forms used in building envelopes [52] 
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• Shape-stabilized technique: in the shape-stabilized approach, the PCM is incorporated into 

a self-supporting solid network (e.g., cross-linked polymer matrix or a rigid conductive 

framework) that maintains structural integrity during melting and solidification. Leakage is 

suppressed because the solid skeleton mechanically confines the PCM and the composite remains 

dimensionally stable even when a large fraction of PCM is liquid. Depending on the matrix, shape-

stabilized PCMs can also improve effective thermal conductivity and show stable performance 

over repeated thermal cycles, which is attractive for building components that must retain 

mechanical integrit [53,54]. 

• Form-stable PCM composites: in the form-stabilized approach, the PCM is typically 

impregnated into a porous support (e.g., porous minerals, lightweight aggregates, or other porous 

carriers). When the PCM melts, it is retained primarily by capillary forces and adsorption within 

the pore structure, which limits leakage under normal operating conditions. The PCM content and 

leakage resistance are governed by pore volume, pore-size distribution, and PCM–support 

wettability; therefore, performance depends strongly on the selected carrier and impregnation 

method. Form-stabilized composites are widely used in building materials due to their practical 

manufacturability, although the achievable PCM fraction and mechanical strength can be 

constrained by the carrier properties [55]. 

1.6.3. Parameters Affecting the Performance of PCM in Building Envelopes 

The thermal performance of  PCMs is influenced by a wide range of factors. To achieve optimal 

results, it’s essential to carefully consider and manage these parameters throughout the design and 

application process [56]. The most critical of these influencing factors are outlined and discussed 

in the following sections. 

• Melting temperature: is one of the most critical factors influencing the performance of 

PCMs, as it directly affects both the charging (heat absorption) and discharging (heat release) 

phases. For effective integration into building systems, the melting temperature must align with 

the thermal demands of the specific application and climate. 

In colder seasons, PCM should have a lower melting point to take advantage of limited solar 

radiation and enhance heating efficiency. Conversely, during the summer, a higher melting point 

is preferable to minimize heat transfer into the building and reduce cooling loads. 

According to Researchers [57], the ideal melting temperature varies depending on the 

application, for domestic water heating, the optimal range is 29  [°C] to 60  [°C]. For indoor 

thermal comfort, the recommended range falls between 22  [°C] and 28 [°C]. For cooling-oriented 

applications, PCMs with melting points of 21 [°C] or lower are most effective. Table 1.3 provides 

an overview of the operational melting temperatures for several commercially available PCMs 

commonly used in building envelope systems. 
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Table 1.3: Operational melting temperature of commercially available PCMs [58] 

PCM 

PCMs operational melting temperature 

from the manufacturer’s datasheet 

[°C] 

Manufacturer 

RT-21HC 21 Rubitherm 

RT-22HC 22 Rubitherm 

RT-25HC 25 Rubitherm 

RT-27 27 Rubitherm 

Purer Temp 23 23 Entropy Solutions 

Micronal DS5040X 23 BASF 

Micronal DS5008X 25 BASF 

MPCM24D 24 BASF 

Micronal DS5038X 25 Microteklabs 

MacroPCM28 28 Microteklabs 

MacroPCM24 24 Microteklabs 

• PCM thickness: the thickness of the PCM layer within a building envelope plays a crucial 

role in determining how much thermal energy can be stored during phase transitions. When only 

a thin layer or small volume of PCM is used, such as in efforts to reduce summer cooling loads, it 

tends to absorb a limited amount of heat and reaches its melting point quickly, becoming fully 

liquid in a short time. This limits its effectiveness in maintaining thermal balance. In contrast, a 

thicker or higher volume PCM layer can absorb significantly more heat during the charging phase, 

slowing down heat transfer through the building component and enhancing thermal performance. 

However, simply increasing the amount isn't always the best solution; if the PCM volume is not 

optimized, it can lead to inefficiency or unnecessary material use. 

As a result, determining the right PCM volume is essential for achieving reliable performance. 

The required PCM volume can be calculated from 𝑉𝑃𝐶𝑀 =
𝑚𝑃𝐶𝑀

𝜌𝑃𝐶𝑀
 , where m [kg] is the mass of 

PCM and ρ [kg/m3] is the density of PCM.  

The overall heat storage capacity of the PCM, Elatent [kJ], can be determined by Eq. (1.1) [59] 

as follows: 

 𝐸𝑙𝑎𝑡𝑒𝑛𝑡 = 𝑛×𝑚×𝐻, (1.1) 

where n is the number of cycles during the day, m [kg] is the mass of PCM, and H  [kJ/kg] is the 

total energy exchange of PCM enthalpy content.  
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• PCM position: the position of the PCM layer within a building element is a key factor that 

influences its effectiveness and depends largely on the building’s geographic location and whether 

the goal is to reduce heating or cooling demand. Several studies have emphasized that positioning 

the PCM layer closer to the heat source leads to better thermal performance [60]. In climates where 

cooling is the priority, this typically means placing the PCM toward the outer surface of the 

building envelope, where it can absorb solar heat before it penetrates the interior. Conversely, in 

heating-dominant climates, placing the PCM closer to the interior helps retain and slowly release 

stored heat into the occupied space [61]. Some research also suggests that positioning the PCM 

within the middle layer of a building component can yield consistent thermal performance 

throughout the year, especially in mixed climates [62]. Ultimately, the ideal location of the PCM 

layer is not only climate dependent, but also closely linked to the PCMs melting temperature, as it 

must align with the heat exposure level at its position to maximize phase change activity and 

energy efficiency. 

1.6.4. Classification of PCM-Incorporated Buildings 

The literature highlights several effective strategies for integrating PCMs into building 

components. In most cases, PCMs are either added as a separate layer or incorporated during the 

construction phase. This integration has led to notable performance improvements across various 

parts of the building envelope, including roofs, external walls, floors, and windows. Among these 

elements, roofs and external walls have received the most research attention. This is largely 

because they constitute the largest surface areas exposed to the external environment and are most 

affected by weather fluctuations. As a result, they contribute significantly to unwanted heat gains 

in summer and heat losses in winter, making them ideal targets for PCM integration. 

By contrast, floors and windows have been less frequently studied in PCM applications. Floors, 

which are generally in contact with stable ground temperatures and less exposed to direct 

environmental conditions, tend to have a smaller impact on a building’s overall thermal load. 

Nonetheless, some researchers have explored how PCM-enhanced flooring systems can contribute 

to improved indoor thermal comfort and energy savings, particularly in combination with radiant 

heating or cooling systems [63]. In the case of windows, PCM has been incorporated into frames 

and glazing cavities in several experimental designs. However, widespread adoption has been 

limited due to challenges such as material leakage and reduced transparency in glazed panels issues 

that compromise both aesthetics and function [64]. 

Given the significant thermal influence of external walls and roofs, most recent studies have 

focused on PCM applications in these areas. The following section presents a review of up-to-date 

research exploring PCM integration within various building materials and envelope 

configurations. 

• PCM incorporated in concrete: concrete is one of the most widely used construction 

materials around the world, and incorporating PCMs into concrete has shown strong potential for 

enhancing indoor thermal comfort and improving energy efficiency in both heating and cooling 
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applications. By leveraging the thermal storage properties of PCMs, concrete elements can 

moderate temperature fluctuations and reduce overall energy demand. 

However, integrating PCMs into concrete, particularly through micro-encapsulation, also 

presents some challenges. These include fire risks due to the polymeric encapsulation materials, a 

decrease in mechanical strength, and the poor low thermal conductivity of many PCMs [65]. To 

address these concerns and better understand the behavior of PCM-concrete systems, an 

experimental study using Sr(OH)₂·8H2O, a strontium-based PCM powder known for its high latent 

heat capacity [66]. DSC confirmed its desirable thermal properties. Their results showed a 15-21 

% reduction in heat transfer through the concrete and only a minor loss in compressive strength. 

Moreover, the inclusion of PCM helped reduce thermal strain and cracks within the concrete 

matrix. In a long-term study, researchers investigated the durability of PCM-integrated concrete 

over 10 years. They tested two experimental chambers, one with 5 wt.% PCM and one without 

built-in 2005 using a consistent methodology. Despite long exposure to natural conditions, the 

thermal response remained consistent, and no significant difference in compressive strength was 

observed, suggesting the long-term stability of PCM-concrete composites [67]. Nevertheless, 

direct or immersion-based PCM integration can lead to problems such as subcooling, segregation, 

and leakage, especially under certain environmental conditions. The alkaline nature of concrete 

and the risk of steel reinforcement corrosion further limit the types of PCMs that can be safely 

used in structural applications [68]. Mortar-based systems offer an alternative approach, showing 

significant improvements in thermal comfort and energy efficiency when enhanced with micro-

encapsulated PCM. Researchers developed and tested two such composites Micronal 5038X and 

Micronal 5040X, with melting points of 25 [°C] and 23 [°C], respectively, through both 

experimental methods and COMSOL Multiphysics simulations under the climate of Sicily, Italy 

[69]. They identified an optimal melting point of 27 [°C] and found that Micronal 5038X exhibited 

higher latent heat than its counterpart. The study also showed that adding 15 wt.% PCM to the 

mortar mixture reduced indoor surface temperatures and improved thermal comfort by 

approximately 15 % compared to standard cement mortar, according to ASHRAE comfort criteria. 

These findings underline both the promise and complexity of using PCMs in concrete and 

mortar systems, highlighting the importance of material selection, structural compatibility, and 

long-term performance testing. 

• PCM-layer incorporated in building components: in building applications, PCMs can be 

added as a separate layer within the construction and can function in either a passive or active 

mode. This method allows for the integration of a significant amount of PCM without 

compromising the mechanical integrity of structural components. One of its major advantages is 

the flexibility to introduce thermal energy storage without altering the building's load-bearing 

properties. 

Researchers explored this strategy by simulating the performance of PCM boards embedded 

within walls under five different climate zones in China using the EnergyPlus modeling tool. Their 

analysis focused on energy savings and CO₂ emission reductions, accounting for both PCM type 
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and thickness. The results showed that PCM integration in warm-climate buildings could reduce 

wall-related energy consumption by 6 % and CO₂ emissions by about 1 %. Importantly, the 

positioning of the PCM layer made a noticeable difference placing the PCM inside the insulation 

layer resulted in an additional 1 % to 7 % energy savings compared to placing it on the outside of 

the insulation [70]. Moreover, in regions with hot and extreme climates, increasing the thickness 

of the PCM layer contributed to an additional 2 % to 6 % reduction in energy use. Further exploring 

the benefits of layered PCM systems, another study conducted a numerical simulation of a dual-

layer PCM wall system under five different climatic conditions in Iran. In their model, PCMs with 

different melting points were arranged in sequence, with the lower melting temperature PCM 

placed closest to the interior. Using EnergyPlus, the study found that this approach extended the 

thermal comfort period from 63 % to 75 % in semi-arid winter climates, and from 73 % to 93 % 

in dry climates [71]. The research group introduced a hybrid system combining a perlite-based 

composite PCM wallboard and a solar heating system connected through capillary tubes. Installed 

within the interior wall of a test room, as illustrated in Fig. 1.8, this setup was evaluated over three 

winter days in Tianjin, China. Compared to a reference room without PCM, the hybrid system 

reduced daily heating energy consumption by 44.16 %. The study concluded that such hybrid 

systems not only significantly improve energy efficiency, but also help to maintain indoor thermal 

comfort during the heating season [72]. 

 

Fig. 1.8: Proposed hybrid PCM wall design [72] 

1.7. Outline of the Thesis 

In Chapter 2, new insights are presented into the numerical modeling of PCMs for thermal 

energy storage. By simulating the melting behavior of RT-27 using ANSYS Fluent under realistic 

convective heating conditions, the chapter uncovers detailed thermal behavior patterns such as the 

transition from conduction to convection-dominated heat transfer. The results validate the 

effectiveness of CFD tools in capturing the complex phase change dynamics, offering a precise 
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framework for PCM design in energy-efficient buildings. In Chapter 3, original findings emerge 

from a comprehensive parametric optimization of PCM integration into building envelopes. By 

evaluating different positions, thicknesses, and melting temperatures of PCM layers, the study 

identifies optimal configurations that significantly reduce heat transfer. The results not only 

demonstrate the sensitivity of thermal performance to these parameters, but also establish a 

practical methodology for customizing PCM use based on local climatic conditions, with a focus 

on buildings in Miskolc, Hungary. In Chapter 4, the research breaks new ground by systematically 

evaluating the thermal impact of various PCM capsule geometries (cuboid, cylindrical, and 

prismatic) within building materials. The simulations reveal that capsule shape plays a critical role 

in heat storage and release efficiency. Novel insights are provided into how geometry affects phase 

transition rates and overall energy performance, guiding the future design of encapsulated PCM 

systems for optimal building integration. In Chapter 5, the thesis introduces a novel integration of 

PCMs into traditional Flemish bond brick walls (architectural method) previously underexplored 

from a thermal efficiency perspective. The study reveals that Flemish bond structures alone can 

reduce heat transfer by 6 %, and when combined with PCM, the reduction improves to 21 %. These 

results highlight a pioneering approach that fuses historical building techniques with cutting-edge 

energy storage materials, advancing sustainable construction while preserving architectural 

aesthetics. 
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2. MODELING AND SIMULATION OF PHASE CHANGE MATERIALS IN BUILDING 

ENVELOPES 

In this chapter, PCMs are examined for their critical role in thermal energy storage systems. 

The chapter focuses on numerical modeling of PCMs, with particular emphasis on using ANSYS 

Fluent to simulate the melting process. The primary objective is to model the thermal behavior of 

RT-27 PCM under convective heating conditions using computational fluid dynamics (CFD). The 

simulation captures the shift from conduction-dominated heat transfer in the early stages to natural 

convection as the melting progresses. Key variables analyzed include temperature distribution, 

liquid fraction, density variation, and velocity fields over time. Through this numerical study, the 

chapter demonstrates that CFD is a reliable and accurate tool for simulating phase change 

processes and for optimizing the design of PCM-based thermal energy storage systems in building 

applications. 

2.1. Overview of PCM Thermal Modeling 

Numerous studies have investigated heat transfer mechanisms in PCMs integrated into building 

envelopes. These investigations often involve analytical models, numerical simulations, and CFD 

to capture the complex thermal behavior of PCMs. CFD has proven particularly valuable in 

advancing the engineering design of thermal energy storage systems, offering a powerful toolset 

for performance analysis and system optimization. By simulating the detailed flow and thermal 

fields, CFD enables designers to enhance energy efficiency while also reducing development time 

and costs through virtual prototyping. 

The thermal behavior of PCMs during a phase transition also referred to as a phase change, is 

typically described using a partial differential equation (PDE). This equation can be solved either 

analytically or numerically, depending on the complexity of the system. However, analytical 

solutions are often limited due to the presence of nonlinear phase front interfaces, irregular 

geometries, and non-standard boundary conditions. Only a few simplified one-dimensional (1D) 

models have been analytically solved, and these are generally restricted to basic geometries and 

uniform conditions. The nonlinearity introduced by the moving phase boundary, which is 

influenced by the latent heat absorbed or released at the interface, presents a significant challenge 

in numerical modeling as well. 

Despite these difficulties, two main approaches are commonly used to analyze heat transfer in 

solid-liquid PCM systems. 
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• The enthalpy-based method is one of the most widely used approaches for modeling phase 

change in PCMs, primarily because it does not require explicit tracking of the solid-liquid 

interface. In this method, the latent heat associated with the phase transition is incorporated directly 

into the energy equation through a total enthalpy term. One of the main advantages of this 

formulation is that it eliminates the need to define boundary conditions at the phase interface, 

allowing the model to handle the transition more flexibly. 

The governing equation can be determined by Eq. (2.1), which remains mathematically similar 

to that of a single-phase system, which simplifies the computational process. Phase change occurs 

within a defined mushy zone (a region in which both solid and liquid phases coexist) resulting in 

a smoother, more realistic transition between states. The total enthalpy includes both sensible and 

latent heat, where the latent component is determined by the product of the liquid fraction and the 

latent heat of fusion. The liquid fraction varies continuously from zero to one, depending on the 

temperature range between the solidus and liquidus points. 

 
𝜕

𝜕𝑡
(𝜌𝐻)+∇. (𝜌𝑣𝐻) = (𝑘𝛻𝑇) + 𝑆, (2.1) 

where H [J/ kg] is the enthalpy of the material, ρ [kg/ m3] is the density of the material, T [℃] is 

the temperature, k [W/mK] is the thermal conductivity, v [m/s] is the velocity of the fluid, S is the 

source term. 

This method offers a convenient and stable framework for simulating the thermal behavior of 

PCMs, particularly in complex systems where interface tracking and non-linear boundary 

conditions can complicate traditional numerical approaches. As a result, it has become a preferred 

strategy in computational modeling of PCM-integrated building components. 

• The temperature-based method: approaches phase-change modeling by using temperature 

as the individual dependent variable. In this formulation, the solid-liquid interface can be explicitly 

tracked, allowing for the energy conservation equations to be defined separately for the solid and 

liquid phases. This separation provides a more precise description of the thermal behavior during 

the phase transition. 

By independently solving the energy equations for each phase, this method enables accurate 

determination of the phase boundary location and heat transfer characteristics. Such precision 

makes the temperature-based approach particularly suitable for problems where interface tracking 

is critical. The mathematical representation of this method is typically described by Eq. (2.2), 

which governs the energy conservation in each phase domain. 

 
𝜕𝑇𝑆
𝜕𝑛
. 𝑘𝑠 =

𝜕𝑇𝐿
𝜕𝑛
. 𝑘𝐿 + 𝜌.𝐻. 𝑘. 𝑣𝑛 , (2.2) 

where TS [℃] is the solidus temperatures of PCM, TL [℃] is the liquids temperature of PCM, ks 

[W/mK] is the thermal conductivity of solid phase, kL [W/mK] is the thermal conductivity of liquid 

phase, n is the unit normal vector to the interface, vn is the normal component of the velocity of 

the interface, H [J/kg] is the enthalpy of material. 



CHAPTER 2 

22 
 

2.2. CFD Analysis 

In recent years, a variety of modeling and simulation techniques have been employed to 

evaluate the thermal performance of PCMs and the energy savings achieved through their 

integration into building components. These methods range from laboratory-scale experiments 

used to validate simulation tools to whole-building simulations that assess real-world performance. 

To model PCM behavior accurately, researchers frequently rely on several well-established 

computational tools, including EnergyPlus [70], ANSYS Fluent [73], COMSOL Multiphysics 

[74], TRYNSYS [75], MATLAB software [76], ABAQUSTM solver [77] DIANA-finite element 

analysis [78]. 

Most researchers use the building component as a 1D convection, an unsteady state without an 

internal heat source, to model the heat behavior of PCM-incorporated buildings. However, Eq. 

(2.3) [79], can be used to determine the thermal behavior of the composite wall that contains the 

PCM layer. 

 𝜕𝑇

𝜕𝑡
= 𝛼

𝜕2𝑇

𝜕𝑥2
 , (2.3) 

where T [°C] is the temperature of the element, t [s] is the time, x [m] is the element thickness, and 

α [m2/s] is the thermal diffusivity [ratio of the material thermal conductivity to its density and 

specific heat (k/ρ c)]. Eq. (2.3) can be changed to Eq. (2.4) [80], to account for the PCM melting 

and solidification processes. 

 
𝜕𝑇

𝜕𝑡
= 𝛼

𝜕2𝑇

𝜕𝑥2
−
𝐿𝐻
𝐶𝑝

𝜕𝑓

𝜕𝑡
 , (2.4) 

where LH [kJ] is the latent heat of fusion, Cp [kJ/kgK] is the specific heat at constant pressure, and 

f is the liquid fraction (ratio of the melted PCM during phase transition).  

The liquid fraction ranges from 0 to 1, as shown in Eq. (2.5) 

 𝑓 =

{
 

 
0

𝑇 − 𝑇𝑆
𝑇𝐿 − 𝑇𝑆 

1

 

𝑖𝑓 𝑇 < 𝑇𝑆(𝑆𝑜𝑙𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛) 

𝑖𝑓 𝑇𝑆 < 𝑇 < 𝑇𝐿(𝑀𝑢𝑠ℎ𝑦 𝑧𝑜𝑛𝑒 ) , 

𝑖𝑓 𝑇 > 𝑇𝐿(𝑀𝑒𝑙𝑡𝑖𝑛𝑔 ) 

(2.5) 

where TL [°C] is the liquidus temperature of PCM and TS [°C] is the solidus temperature of PCM. 

Eq. (2.4) is provided as a simplified formulation commonly used in wall heat-conduction models, 

where latent heat is represented through the liquid fraction 𝑓. In this dissertation, Eq. (2.4) is not 

solved directly. Instead, the numerical simulations are performed in ANSYS Fluent using the 

enthalpy-porosity melting/solidification model as we will see next. 

Engineering challenges related to phase change phenomena have been successfully addressed 

using the Fluent module in ANSYS Workbench [81], which includes a dedicated model capable 

of simulating a wide range of melting and solidification scenarios. This tool can resolve phase 

transitions that occur either over a specific temperature range or at a single melting point, making 



CHAPTER 2 

23 
 

it suitable for various PCM-related applications. The modeling process begins with a geometric 

definition and meshing of physical problems using ANSYS’s mesh generation tools. Once the 

geometry is meshed, boundary layers and zone types are specified. The mesh is then exported to 

Fluent Solver, where simulations are carried out. To ensure that the results are numerically stable 

and grid-independent, simulations are typically run with various grid sizes and time step values. 

While finer grids and smaller time steps generally yield more accurate results, they are also favored 

for faster computational convergence in transient simulations. ANSYS Fluent employs the 

enthalpy-porosity method to simulate melting and solidification processes, as illustrated in Fig. 

2.1.  

 

Fig. 2.1: Enthalpy porosity method 

This method does not explicitly track the moving phase boundary. Instead, it assigns a liquid 

fraction to each cell in the PCM domain, representing the volume percentage of liquid in that cell. 

This fraction is calculated iteratively using the enthalpy balance equation. The liquid fraction 

ranges from 0 to 1, with 0 indicating a fully solid state and 1 indicating a fully liquid state. The 

phase transition region is modeled as a mushy zone. Within this mushy zone, the porosity decreases 

continuously from 1 to 0, mimicking the behavior of a pseudo-porous medium [82]. As 

solidification progresses, both porosity and velocity in the affected cells drop to zero, reflecting 

the cessation of fluid motion in the solid phase. 

The energy equation is written as it is shown in Eq. (2.6). 

 
𝜕

𝜕𝑡
(𝜌𝐻)+∇. (𝜌𝑣𝐻) = (𝑘𝛻𝑇) + 𝑆 , (2.6) 

where H [J/ kg] is the enthalpy of the material, ρ [kg/ m3] is the density of the material, T [℃] is 

the temperature, k [W/mK] is the thermal conductivity, v [m/s] is the velocity of the fluid, S is the 

source term. The sum of the sensible heat and the latent heat is employed to calculate the material’s 

enthalpy [82]. 

 𝐻 = ℎ + 𝛥𝐻 , (2.7) 

where h [J/kg] is the sensible heat, ΔH [J/kg] is the latent heat content, where: 
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 ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝐶𝑝 × 𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓
, (2.8) 

where href [J/kg] is the reference enthalpy, Tref [℃] is the reference temperature, Cp [J/kg℃] is the 

specific heat at a constant pressure of PCM. 

The latent heat content can be written in terms of the latent heat of material as shown in Eq. 

(2.8). 

 𝛥𝐻 = 𝑓 × 𝐿 , (2.9) 

the latent heat content can vary between zero (for a solid) and L (for a liquid). 

The momentum equation is written as it is shown in Eq. (2.10). 

 𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑣. ∇𝑣) = −∇𝑝 + 𝜇∇2𝑣 + 𝜌𝑔 + 𝑆 , (2.10) 

where ρ [kg/m3] is the density, p [Pa] is the pressure, μ [Pa.s] is the dynamic viscosity, ρg is the 

buoyancy. 

PCM density was specified as a temperature-dependent property using a piecewise-linear 

function in ANSYS Fluent. So the continuity equation is written as it is shown in Eq. (2.11). 

 
𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑣) = 0 , (2.11) 

The Fluent software offers two primary solver types: the pressure-based solver and the coupled 

density-based solver. For simulating melting and solidification problems, only the pressure-based 

solver is applicable, as illustrated in Fig. 2.2. 

 

Fig. 2.2: Pressure-based flow chart 

To handle convection terms during simulation, Fluent provides several discretization schemes. 

Among these, the first-order upwind, power law, and second-order upwind methods are most 

commonly used in phase change applications. An overview of the complete solution strategy, 

including the flow of steps from initialization to convergence, is presented in Fig. 2.3. Additional 

details on solver settings, initialization procedures, and discretization techniques are provided in 

[81]. 
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Fig. 2.3: Fluent solution flow chart 

In phase change simulations, the thermophysical properties of materials (such as density, 

thermal conductivity, specific heat capacity, and viscosity) may vary with temperature or depend 

on the material's chemical composition. Fluent accommodates this by allowing these properties to 

be defined in several ways: as constant values, as temperature-dependent functions (using 

polynomial, piecewise-linear, or piecewise-polynomial formats), or through User-Defined 

Functions (UDFs) written in custom code to describe complex behaviors. 

In the case of PCMs, properties like density and viscosity are often modeled as temperature-

dependent, governed by empirical or semi-empirical correlations. Accurately capturing these 

variations is essential for reliable modeling of phase change processes, particularly in systems 

where the transition occurs over a temperature range or where fluid flow significantly affects 

thermal performance. 

2.3. Physical and Numerical Model 

The melting process of the PCM was simulated using the melting and solidification model 

available in ANSYS Fluent. This model is based on the enthalpy-porosity method, which is widely 

used for representing phase change phenomena in computational simulations. The approach allows 

for the phase transition to occur within a mushy zone and eliminates the need for explicit tracking 

of the solid-liquid interface. 

2.3.1. Physical model 

In this study, an organic PCM known as RT-27, produced by Rubitherm GmbH, was selected 

for the simulations. RT-27 is well-suited for thermal storage applications due to its stable thermal 

characteristics and moderate melting temperature. The thermophysical properties of RT-27 used 

in the simulation are summarized in Table 2.1. 
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Table 2.1: Thermophysical properties of RT-27, based on Rubitherm GmbH [83] 

Property Phase Value 

Density [kg/m3] 
solid phase 880 at 15 [℃] 

liquid phase 760 at 40 [℃] 

Dynamic viscosity [N.s/m2] liquid phase 0.02 

Specific heat [J/kgK] both phases 2000 

Thermal conductivity [W/mK] both phases 0.2 

Latent heat [J/kg] - 189000 

Solidus temperature [℃] - 24.5 

Liquidus temperature [℃] - 26.5 

2.3.2. Model Characterization and Mesh Generation 

The geometric model used for simulating the PCM zone is shown in Fig. 2.4. The model 

consists of a two-dimensional rectangular domain, measuring 10 [mm] in width and 200 [mm] in 

height, which represents the region occupied by the PCM.  

 

Fig. 2.4: Schematic of the model 
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The boundary conditions for the PCM simulation domain are defined as follows: The top and 

bottom surfaces of the PCM zone are treated as adiabatic, meaning there is no heat flux across 

these boundaries q=0 [W/m2]. The left boundary is exposed to an external convective environment, 

characterized by a heat transfer coefficient of hex=25 [W/m2K] and an ambient temperature of 

Tex=35 [℃]. On the right boundary, convection is also applied, but with a lower heat transfer 

coefficient of hin=10 [W/m2K] and an internal air temperature of Tin=22 [℃]. These conditions are 

used to simulate the thermal behavior of the PCM as it undergoes a phase transition under different 

heating and cooling effects from either side. The simulations were conducted using ANSYS 

Fluent, which solves the governing equations using the finite volume method. An important part 

of the pre-processing stage is selecting an appropriate mesh size to ensure solution accuracy and 

numerical stability. As illustrated in Fig. 2.5, the meshed model consists of 12,375 elements and 

12,616 nodes. 

 

Fig. 2.5: Schematic of the meshed PCM zone 

2.3.3. Assumptions and Simulation Description 

The numerical modeling was carried out under the following assumptions: 

• The melting process is transient and modeled in two dimensions. 

• The flow of PCM in its liquid phase is considered incompressible, non-Newtonian, and 

turbulent. 
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• The PCM exhibits a piecewise linear variation in density during the phase transition. 

• There is no internal heat generation within the PCM domain. 

For the numerical solution, the second-order upwind scheme was employed to discretize the 

momentum equations, while the first-order upwind scheme was used for the energy equation. The 

SIMPLE algorithm was used to couple pressure and velocity, and PRESTO was applied for 

pressure interpolation. All simulations were conducted using the standard solver in ANSYS Fluent. 

Convergence criteria for the continuity, momentum, and energy equations were set to residuals of 

10⁻⁵, 10⁻⁸, and 10⁻¹⁰, respectively. A time step of 0.1 seconds was used, with 10 iterations 

performed at each time step to ensure solution accuracy and temporal stability. 

2.4. Numerical Results 

A numerical analysis was performed to investigate the melting behavior of RT-27 within a 

rectangular domain measuring 10 [mm] in width and 200 [mm] in height. The PCM was subjected 

to convective heating from the left and right boundaries, while the top and bottom boundaries were 

treated as adiabatic. This configuration replicates a simplified building envelope condition to 

observe heat transfer during phase change. 

The simulation was conducted over a 360 [min] melting cycle, with results recorded at 30 [min] 

intervals to track the transient thermal response of the PCM. The findings are presented through 

contour plots showing the spatial distribution of key physical parameters, including liquid fraction, 

temperature, density, and velocity, at selected time steps throughout the simulation. 

The following results, as well as the numerical model conducted  for this study, were thoroughly 

validated through comparison with established numerical and experimental research found in the 

literature [73, 84-86]. Several previously published studies reported similar trends in melting 

behavior, including the initiation of phase change at the heated boundary, the evolution of the 

liquid fraction over time, and the influence of natural convection on the melting front. The strong 

agreement between the present findings and those of earlier investigations provides confidence in 

the accuracy, consistency, and reliability of the simulation approach and modeling assumptions 

adopted in this work. 

2.4.1. Liquid-Fraction Contours 

The evolution of the liquid fraction during the melting process is illustrated in Fig. 2.6, where 

the progression of the phase-change front over time is visible. In these contour plots, red regions 

represent fully liquid PCM (liquid-fraction f=1), while blue areas indicate fully solid PCM (f=0). 

The transition zone between these extremes is referred to as the mushy zone, where both solid and 

liquid phases coexist. This zone represents the moving melting front. At the early stage of melting, 

particularly within the first 30 [min], the melting interface remains nearly parallel to the left wall, 

suggesting that heat conduction is the dominant mode of heat transfer. As the process continues 

and reaches 60 [min], the melted PCM, having a higher temperature and lower density, begins to 

rise due to buoyancy effects and creates circulation patterns that enhance convective heat transfer. 
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This behavior leads to a more dynamic interface, with the top of the PCM chamber melting within 

the first 60 [min] and approximately half of the PCM volume transitioning to the liquid phase by 

90 [min]. 

 

Fig. 2.6: Liquid-fraction contours 

The change in the overall melting fraction over time is presented in Fig. 2.7. At the beginning 

of the simulation t=0 [min], the PCM is entirely in a solid state, corresponding to a melting fraction 

of 0 %. As the simulation progresses, the melting fraction increases steadily due to the continuous 

heat input. At 30 [min], the melting fraction reaches 23%, increasing to 42 % at 60 [min] and 57 

% at 90 [min]. By 120 [min], it rises to 69 % and continues to increase to 78 % at 150 [min], 85 

% at 180 [min], and 90 % at 210 [min]. Further heating results in 93 % melting at 240 [min], 96 

% at 270 [min], 98 % at 300 [min], 99 % at 330 [min], and finally, full melting is achieved at 360 

[min] with a melting fraction of 100 %. 
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Fig. 2.7: Melting fraction changing over time 

2.4.2. Temperature Contours 

The temperature distribution within the PCM domain and its evolution over time is presented 

in Fig. 2.8, with contour plots shown at regular 30 [min] intervals throughout the 360 [min] 

simulation. At the beginning, middle, and end of the melting process, the maximum recorded 

temperatures were approximately 27.5 [℃], 32.7 [℃], and 33.4 [℃], respectively. As indicated by 

the comparison between Figs. 2.6 and 2.8, melting begins when the local temperature reaches 

approximately 24.5 [℃], which corresponds to the onset of phase transition for RT-27. 

In the contour plots, blue regions represent low-temperature zones, which largely coincide with 

the solid phase of the PCM, as confirmed by the liquid fraction distributions in Fig. 2.6. After 

around 60 [min], a distinct red zone begins to emerge near the left wall, indicating localized regions 

of higher temperature. This zone continues to expand as a result of convective currents and 

turbulence within the liquid PCM, which promotes heat transfer deeper into the material. By the 

end of the simulation, at 360 [min], the entire PCM domain has transitioned into the liquid phase. 

As a result, the temperature field becomes more uniform, with clearly defined isothermal zones. 

This occurs because once the melting is complete and the PCM is fully liquid, the thermal 

properties stabilize, and the heat distribution tends to equalize, as visually evident in the final 

contour of Fig. 2.8. 
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Fig. 2.8: Temperature contours 

2.4.3. Density Contours 

The evolution of density contours within the PCM domain over time is illustrated in Fig. 2.9, 

with results displayed at 30 [min] intervals throughout the melting process. As PCM undergoes 

heating, its density decreases with rising temperature, reflecting the inherent temperature-

dependent behavior of the material. As a result, the less dense, warmer PCM tends to rise toward 

the upper region of the domain due to buoyancy forces, creating a distinct zone of low-density 

fluid, which is represented in blue in the contour plots. This vertical density stratification becomes 

more pronounced as the phase transition progresses, with continuous circulation reinforcing the 

accumulation of lower-density PCM in the upper layers. Toward the end of the melting process, 

the entire PCM domain reaches a thermally uniform liquid state, and the density distribution 
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stabilizes. At the final simulation time of 360 [min], the PCM’s density becomes constant across 

the domain, reaching approximately 780 [kg/m3], which corresponds to the fully melted phase. 

 

Fig. 2.9: Density contours 

2.4.4. Velocity Contours 

The velocity contours and their temporal evolution throughout the melting process are 

presented in Fig. 2.10, with intervals taken at 30 [min]. The regions of the highest fluid velocity, 

indicated in orange, are primarily located near the left and right boundaries of the PCM domain. 

These zones correspond to areas of intense thermal gradients and rising liquid PCM, where 

buoyant flow is most active due to localized heating. As the melting progresses and the PCM 

transitions entirely into the liquid phase, the temperature and density within the domain begin to 

stabilize. Once PCM is fully melted, the thermal gradients diminish significantly, resulting in the 

elimination of buoyancy-driven flow. Consequently, at the end of the melting cycle 360 [min], the 
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fluid motion ceases, and the velocity across the entire domain approaches very low value, 

indicating that the PCM has reached a quasi-steady state. 

 

Fig. 2.10: Velocity contours 

2.5. Summary of This Chapter 

This chapter has provided a detailed exploration of PCMs used in thermal energy storage 

applications, focusing particularly on their classification, thermal characteristics, and methods of 

numerical simulation. A central theme of the chapter was the implementation of CFD specifically, 

the use of ANSYS Fluent software as a powerful and practical tool for modeling PCM behavior 

under various thermal conditions. The chapter outlined how CFD not only delivers highly accurate 

simulations of transient thermal processes, but also offers engineers and researchers effective 

means for design optimization, cost reduction, and efficiency improvement in latent heat storage 

(LHS) systems. 
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The chapter began with an overview of PCM thermal modeling and a significant portion of the 

chapter was dedicated to modeling and simulation of PCM melting behavior using ANSYS Fluent. 

The enthalpy-porosity method was introduced as the foundation for simulating the phase 

transition, where the melting front is represented as a mushy zone without requiring explicit 

tracking. The melting process of RT-27, an organic PCM, was analyzed in a vertically oriented 

rectangular domain under convective heating conditions. The study employed fine meshing and 

carefully selected time steps to ensure numerical stability, emphasizing the importance of pre-

processing and solver settings in transient heat transfer simulations. The simulation results 

revealed distinct thermal and dynamic patterns throughout the melting cycle. During the initial 0-

30 [min], heat transfer occurred predominantly by conduction, as the thermal energy gradually 

penetrated the solid PCM. As the temperature increased and part of the PCM entered the liquid 

phase, natural convection began to dominate, accelerating the melting rate, particularly in the 

middle and later stages of the process. A clear density gradient developed due to temperature 

differences, leading to buoyancy-driven flow that enhanced the thermal mixing within the PCM 

zone. Furthermore, it was observed that melting begins at the top of the domain and proceeds 

downward, a behavior attributed to the vertical orientation of the heating and the nature of the 

PCM’s density change with temperature. As the melting progressed, velocity contours confirmed 

the presence of convective cells near the walls, which gradually dissipated as the PCM fully 

liquefied. By the end of the 360 [min] cycle, the entire domain had reached a thermally stable state, 

with uniform temperature and density distributions and very low velocity (quasi-steady). 

The chapter concludes by affirming that ANSYS Fluent is a capable and reliable platform for 

simulating PCM-based thermal storage systems. However, the successful application depends on 

several key factors, including accurate material properties, appropriate meshing strategies, time 

step management, and the correct implementation of boundary conditions. The findings of this 

study not only validate the simulation methodology through comparison with existing literature, 

but also provide practical guidance for future modeling efforts involving PCM integration into 

energy-efficient building systems. 
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3. OPTIMIZATION OF PARAMETERS INFLUENCING PCM PERFORMANCE 

INTEGRATED IN BUILDING ENVELOPES 

In this chapter, a detailed parametric investigation was conducted to evaluate and optimize the 

key factors that influence the thermal performance of PCMs when integrated into building 

envelopes. Integrating PCMs into construction layers helps to maintain thermal comfort during 

hot summer days. However, the efficacy of PCM-based systems is highly dependent on several 

design parameters, the position of the PCM layer, its thickness, and its melting temperature. If not 

carefully considered, these variables can limit the intended thermal storage and regulatory 

performance of PCM systems. Therefore, this chapter is dedicated to analyzing and optimizing 

these critical parameters to ensure maximum energy efficiency and effective heat management. 

This chapter focuses on a building envelope typical of Miskolc, Hungary, which consists of 3 

[cm] cement, 15 [cm] brick, and 2 [cm] plaster layers. Using this configuration as a reference 

model, the research aims to answer a key question: To what extent do PCM position, thickness, 

and melting temperature influence the reduction of heat transfer through the wall? Through 

numerical simulations using ANSYS Fluent, the study examines how variations in these 

parameters affect the building’s thermal behavior under local climatic conditions. 

PCMs, when combined with passive latent heat thermal energy storage, offer a promising 

solution to address the growing energy demands of modern buildings. The results of this 

investigation show that melting temperature and enthalpy are particularly influential in 

determining the PCMs effectiveness. Furthermore, the findings reveal that it is possible to define 

an optimal PCM layer position within the wall assembly. This position is closely tied to both the 

thermal properties of the PCM and the environmental conditions it is exposed to. By identifying 

optimal parameter combinations, this chapter provides practical insights for enhancing the 

performance of PCM-integrated building envelopes, contributing to more energy-efficient and 

climate-responsive building design. 

3.1. Model Characteristics 

A visual representation of the simulated external wall assembly is presented in Fig. 3.1, 

reflecting the typical construction practices used in buildings located in Miskolc, Hungary, where 

this study is based. The wall model consists of three distinct layers: 3 [cm] of cement, 15 [cm] of 

brick, and 2 [cm] of plaster, resulting in a total wall thickness of 20 [cm], excluding any PCM 

layer. The height of the wall section used in the simulation is also 20 [cm]. The thermophysical 
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properties of the construction materials incorporated in the simulation are summarized in Table 

3.1. 

 

Fig. 3.1: Wall schematic without PCM 

Table 3.1: Properties of building envelope materials [87] 

Property Cement Brick Plaster 

Density [kg/m3] 2300 1460 1680 

Specific heat [J/kgK] 2000 880 1085 

Thermal conductivity [W/mK] 1.4 1.3 0.22 

To accurately simulate the PCM-integrated wall system, several assumptions were made to 

simplify and control the modeling process. First, it was assumed that the top and bottom surfaces 

of the wall were adequately insulated, thereby preventing any heat loss through those boundaries. 

Second, all layers of the wall assembly, including plaster, brick, cement, and the PCM were 

considered uniform in structure and thermophysical properties. Additionally, the convection 

effects within the liquid phase of the PCM were included in the model, while the PCM remained 

embedded in a solid matrix during phase transition. 

To evaluate the influence of PCM thickness on thermal performance, PCM layers of 1 [cm], 3 

[cm], and 5 [cm] were introduced into the wall envelope. Moreover, to assess the effect of layer 

position, the PCM was positioned in four different locations within the wall structure. The 

properties of the PCMs used in the simulation are detailed in Table 3.2. 
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Table 3.2: Thermo-physical properties of PCM [83] 

Property Phase 
Organic PCM Inorganic PCM 

RT-27 RT-21 SP-25E2 SP-21EK 

Density [kg/m3] 
Solid [℃] 880 at 15 880 at 15 1600 at 15 1600 at 15 

Liquid [℃] 760 at 40 770 at 25 1500 at 35 1500 at 35 

Specific heat [J/kgK] Both phases 2000 2000 2000 2000 

Thermal conductivity [W/mK] Both phases 0.2 0.2 0.5 0.5 

Latent heat [J/kg] - 189000 165000 180000 170000 

Solidus temperature [℃] - 24.5 19 24 20 

Liquidus temperature [℃] - 26.5 24 26 22 

In this study, the indoor air temperature was maintained at a constant value of 22 [℃], 

representing a typical thermal comfort condition for occupants [88]. For all wall simulations, the 

convective heat transfer coefficients were set at 25 [W/m2K] on the outdoor surface and 10 

[W/m2K] on the indoor surface, following established thermal modeling standards [89]. 

Additionally, the top and bottom surfaces of the wall were considered adiabatic with a heat flux of 

q=0 [W/m2], ensuring that no heat transfer occurred through these boundaries. The ambient 

outdoor temperature used in the simulations corresponds to the average hourly data recorded in 

Miskolc, Hungary, during three days in mid-July, as illustrated in Fig. 3.2. The temperature profile 

was averaged over the years 2020 to 2023 to provide a representative external thermal condition 

for the simulation [90]. To ensure computational efficiency and numerical stability in this transient 

thermal simulation, a time step Δt of 10 [sec] was selected. This value allowed the solution to 

converge reliably within 10 iterations per time step, providing a balance between accuracy and 

runtime performance. 
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Fig. 3.2: Mean temperature variations over time in July for Miskolc, Hungary 

The Fourier equation determines the heat transfer flux, considering the initial temperature 

variation inside the wall, as can be seen in Fig. 3.3 [12]. 
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where Tex [℃] is the outdoor temperature, Tin [℃] is the indoor temperature ki [W/mK], i=1,2,3,4 

is the thermal conductivity for each section, δi [m], i=1,2,3,4 is the thickness for each section. 

However, to evaluate the temperature at the interfaces between the wall layers for calculating 

the temperature gradient and heat transfer through the multilayer wall, utilize the following 

equations: 
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Fig. 3.3: Wall sections  

3.2. Validation 

The numerical approach adopted in this study was validated using experimental results reported 

by A. Pasupathy et al. [23]. In their work, a test room with dimensions 1.22 × 1.22 × 2.44  [m3] 

was constructed to evaluate the thermal performance of PCM panels installed on the roof. The 

phase change material used in their study was an inorganic salt hydrate mixture composed of 48% 

CaCl2, 4.3 % NaCl, 0.4 % KCl, and 47.3 % H2O. To isolate the effect of the PCM panel, all walls 

except the ceiling were insulated with 6 [mm] thick plywood. 

During the experiment, the indoor temperature was maintained at a constant 27 [℃], with 

convective heat transfer coefficients of 1 [W/m2K] on the interior surface and 5 [W/m2K] on the 

exterior. Fig. 3.4 presents the temperature variations observed on the underside of the ceiling, both 

experimentally and numerically, alongside the corresponding ambient temperature profile for 

comparison. 
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Fig. 3.4: Evaluating numerical results compared to prior experimental outcomes under 

consistent ambient temperature conditions 

As shown in Fig. 3.4, the simulated roof temperature profile closely follows the experimental 

data across a 24 [hr] cycle. Both curves demonstrate consistent trends, with only minor deviations 

observed throughout the day. The experimental PCM room ceiling temperature peaks slightly 

lower than the simulated values, with a maximum difference of approximately 0.6 [℃], which falls 

within an acceptable error margin for building energy simulations. Importantly, the simulation also 

captures the delayed response of the PCM layer to rising ambient temperatures, a key indicator of 

effective latent heat absorption. Both the experimental and numerical curves show a thermal lag 

of several hours behind the peak ambient temperature, highlighting the PCM’s role in thermal 

damping and peak load shifting. This close agreement between the two profiles validates the 

robustness and accuracy of the simulation method, confirming its suitability for analyzing and 

optimizing PCM integration in building envelopes. The ability of the numerical model to 

reproduce both the thermal inertia and attenuation effects of PCM panels underscores its 

effectiveness for predictive design and thermal performance assessments in future studies. 

3.3. Numerical Results 

3.3.1. Effect of Integrating PCM in the Building Envelope 

This study analyzes the effect of integrating 1 [cm] of RT-27 PCM into the building envelope 

by comparing the inner surface temperature of a wall with and without PCM. As shown in Fig. 

3.5, the wall with PCM demonstrates noticeably reduced temperature fluctuations compared to the 

non-PCM case. The PCM layer acts as a thermal buffer, absorbing heat during peak external 

conditions and releasing it when temperatures drop, thereby stabilizing the surface temperature. 
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Fig. 3.5: Indoor surface temperature distribution with and without PCM (RT-27) 

Over the observed 72 [hr] period, the wall without PCM shows temperature swings between 

approximately 21 [℃] and 23.4 [℃], while the PCM-integrated wall maintains a narrower range 

of about 21.4 [℃] to 23 [℃]. This reduction in amplitude reflects the latent heat absorption during 

melting and subsequent delayed heat release during solidification. The thermal lag introduced by 

the PCM not only reduces the peak temperature, but also smooths the curve, delaying heat flow 

toward the indoor environment. This effect directly contributes to energy savings. Heat transfer 

calculations showed that the total thermal gain into the conditioned space decreased from 2.25 [W] 

to 1.74 [W], corresponding to a 23 % reduction. By moderating the wall’s interior surface 

temperature and narrowing the thermal gradient between the wall and indoor air, the PCM reduces 

the cooling demand and improves overall thermal comfort. 

3.3.2. Effect of Relocating PCM in the Building Envelope 

The numerical analysis presented in the previous section was specifically applied to the wall 

configuration depicted in Fig. 3.6 (b), where the PCM layer was positioned between the brick and 

cement, placing it near the exterior surface of the building envelope. This section explores the 

effect of PCM placement at four distinct positions within the wall assembly, aiming to assess its 

impact on the overall heat transfer rate through the wall, as illustrated in Fig. 3.6. 
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Fig. 3.6: Schematic of building envelope with PCM 

The four evaluated PCM locations are as follows: 

a) Externally mounted, on the outermost surface of the building envelope. 

b) Near the exterior, embedded between the cement and bricklayers. 

c) Near the interior, placed between the brick and plaster layers. 

d) Directly on the interior surface, forming the innermost layer of the envelope. 

In each configuration, a 1 [cm] thick layer of RT-27 PCM was incorporated. As shown in Fig. 

3.7, the position of PCM within the wall significantly influences heat transfer.  
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Fig. 3.7: Heat transmission into the room when the PCM is relocated 

The data presented in Table 3.2 indicate that placing PCM closer to the exterior surface yields 

the greatest reduction in thermal transmission. This is due to the PCM absorbing a substantial 

portion of the incoming heat flux before it penetrates deeper into the wall. 

Table 3.2: Total heat flux to the room when the PCM is relocated 

Location 
Heat flux to the room [W] Reduction 

[%] Building envelope without PCM Building envelope with PCM 

a) 2.25 1.90 15 

b) 2.25 1.74 23 

c) 2.25 1.86 17 

d) 2.25 1.86 17 

Based on these findings, subsequent investigations in this study focused primarily on the 

configuration where PCM is located near the exterior, as it consistently demonstrated the most 

effective thermal regulation performance. 

3.3.3. Effect of PCM Thickness on the Building Envelope 

Based on the findings of the previous section, position (b) where the PCM layer is placed 

between the cement and brick, was identified as the most effective configuration for reducing heat 

transmission. Building on this result, the thickness of the PCM (RT-27) was varied systematically, 

starting from 1 [cm], then increasing to 3 [cm], and finally to 5 [cm], as illustrated in Fig. 3.8. 
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Fig. 3.8: Schematic of building envelope with multi-thickness PCM 

The simulations revealed that the amount of thermal energy stored within the PCM increases 

significantly with greater thickness. This enhanced storage capacity allows the PCM to absorb 

more heat, thereby reducing the net energy transferred to the indoor space. As a result, the thermal 

buffering effect becomes more pronounced, especially under conditions of fluctuating external 

temperatures. Fig. 3.9 illustrates the temperature distribution on the interior surface of the wall for 

the three PCM thicknesses. Temperature fluctuations on the inner surface decrease as PCM 

thickness increases, demonstrating a stronger damping effect. This trend indicates that a thicker 

PCM layer provides improved thermal inertia, delaying and minimizing heat flow into the 

conditioned space. 
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Fig. 3.9: Indoor surface temperature distribution with different thicknesses of PCM (RT-27) 

Furthermore, since heat flux is directly influenced by the temperature gradient, increasing the 

PCM thickness results in a progressive reduction in heat transfer to the room. The corresponding 

total heat transmission values for each thickness configuration are summarized in Table 3.3, 

clearly showing that thicker PCM layers yield better thermal insulation performance. 

Table 3.3: Total amount of heat flux to the room when changing the thickness of the PCM 

Thickness 

[cm] 

Heat flux to the room [W] Reduction 

[%] Building envelope without PCM Building envelope with PCM 

1 2.25 1.74 23 

3 2.25 1.47 34 

5 2.25 1.30 42 

3.3.4. Effect of PCM Thermophysical Properties 

This section evaluates the impact of using different PCM types on the thermal performance of 

the building envelope. Since each PCM possesses unique thermophysical properties, such as 

melting temperature, latent heat capacity, and thermal conductivity, variations in these 

characteristics result in differences in the amount of material melted and, consequently, in the total 

thermal energy stored. Fig. 3.10 presents the indoor surface temperature distribution for walls 

incorporating various PCM types under identical boundary conditions. As expected, the 

temperature fluctuations differ among the PCMs, reflecting their individual heat absorption and 

storage capacities. The total heat transferred to the room for each PCM type is summarized in 

Table 3.4. 
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Fig. 3.10: Indoor surface temperature distribution with different types of PCM 

Table 3.4: Total amount of heat flux to the room for different types of PCM 

PCM 

type 

Heat flux to the room [W] Reduction 

[%] Building envelope without PCM Building envelope with PCM 

RT-27 2.25 1.74 23 

RT-21 2.25 1.82 19 

SP-25E2 2.25 1.67 26 

SP-21EK 2.25 2.09 7 

Among the tested materials, SP-25E2 demonstrated the lowest total heat transfer. Since the 

PCM volume is fixed, this improved performance is primarily associated with its higher volumetric 

latent storage capacity ρLH (linked to higher density), while the melting temperature range further 

affects how effectively this storage is activated under the wall thermal load. 

3.4. Summary of This Chapter 

This chapter presented a comprehensive numerical investigation into the optimization of key 

parameters affecting the thermal performance of PCMs when integrated into building envelopes. 

The study focused on a representative wall configuration typical of Miskolc, Hungary, composed 

of 3 [cm] cement, 15 [cm] brick, and 2 [cm] plaster layers. Using validated CFD simulations, the 

chapter explored the impact of PCM layer position, thickness, and material properties on reducing 

indoor heat gain and enhancing thermal comfort. 

The analysis began by examining the effect of PCM placement at four distinct positions within 

the wall assembly. Results showed that positioning the PCM closer to the exterior surface 

significantly enhanced its thermal buffering capacity and led to the greatest reduction in heat 
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transmission. This configuration was selected for further parametric analysis. Next, the influence 

of PCM thickness was assessed using RT-27. Increasing the PCM layer from 1 [cm] to 5 [cm] 

resulted in greater energy storage, lower interior surface temperature fluctuations, and a 

measurable reduction in total heat transfer to the indoor space. The study also evaluated the 

performance of different PCM types, demonstrating that thermal properties particularly melting 

temperature and thermal conductivity play a decisive role in effectiveness. Among the tested 

materials, SP-25E2 achieved the lowest overall heat transmission, confirming the importance of 

matching PCM properties to the climate and application. From the simulation results, several key 

conclusions were drawn: 

• Incorporating PCMs into wall assemblies reduces heat transfer and improves thermal 

stability. 

• Temperature fluctuations at the indoor surface are significantly dampened by PCM 

integration. 

• Thermal conductivity influences performance through a dual role, lower k can reduce 

instantaneous conduction, while higher k can enhance PCM charging/discharging, therefore, 

the net heat flux reduction depends on the combined PCM properties and operating 

conditions rather than conductivity alone. 

• Optimal performance is achieved when the PCM is placed near the outer surface of the wall, 

where it intercepts and absorbs incoming heat early. 

• Increasing PCM thickness allows for higher thermal energy storage within the envelope, 

further enhancing performance. 

Overall, this chapter highlights the critical role of design variables in PCM-based envelope 

systems and provides practical insights for energy-efficient building strategies in moderate 

continental climates like that of Miskolc. 
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4. OPTIMIZATION OF PCM CAPSULE SHAPE FOR ENHANCED BUILDING 

ENVELOPES 

 In this chapter, the focus shifts to the geometric optimization of macro-encapsulated PCMs, 

intending to enhance thermal performance in building envelopes. While earlier chapters addressed 

the influence of PCM location, thickness, and thermal properties, the shape and encapsulation of 

PCMs play an important role in determining the efficiency of heat absorption, storage, and release 

within building systems. 

For practical and long-term use in building materials, PCMs must be encapsulated to prevent 

leakage, ensure safety, and maintain structural integration. Encapsulation involves enclosing the 

PCM within a protective shell, which not only prevents leakage during phase transitions, but also 

isolates the PCM from environmental conditions. To function effectively in thermal storage 

systems, the encapsulation material must meet several criteria: it must prevent leakage, retain the 

PCM thermal characteristics, avoid chemical interactions with the PCM, remain structurally stable 

under operating conditions, and be compatible with the construction material in which it is 

embedded [91]. Furthermore, the shape of the capsule significantly impacts the surface area-to-

volume ratio, heat transfer efficiency, and rate of phase transition. 

This chapter explores a range of capsule geometries by embedding them within standard wall 

assemblies. Using CFD based on the finite volume method, the simulations analyze thermal 

performance during heating, melting, and solidification cycles. The walls are modeled under 

realistic environmental conditions relevant to Miskolc, Hungary. By comparing the thermal 

behavior, melting time, heat flux, and energy storage capacity across different shapes, this chapter 

seeks to identify the optimal capsule geometry for PCM integration. The findings offer valuable 

design insights for improving thermal energy storage systems and promoting energy-efficient, 

passive building solutions. 

4.1. Model Characteristics 

To evaluate the thermal performance of PCM capsules integrated into building envelopes, RT-

27 (paraffin wax) the same organic phase change material used in the previous chapter was 

selected. This material, produced by Rubitherm, was chosen not only for consistency across 

simulation stages, but also because of its excellent thermal properties and proven suitability for 

moderate continental climates like that of Miskolc, Hungary. RT-27 exhibits a high latent heat 

storage capacity, stable phase change near a constant temperature, no supercooling, and chemical 
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inertness, all of which contribute to long-term thermal stability and performance in building 

applications. 

The simulation model was based on a brick wall assembly, representative of common masonry 

construction found in Miskolc. This selection ensures that the wall’s thermal characteristics reflect 

local construction practices, enabling a realistic assessment of PCM integration under region-

specific environmental conditions. The indoor temperature was fixed at 22 [℃], aligning with 

thermal comfort guidelines [88]. Boundary conditions included convective heat transfer 

coefficients of 25 [W/m2K] for the external surface and 10 [W/m2K] for the internal surface [89]. 

The top and bottom surfaces of the wall were considered adiabatic, with a heat flux of q=0 [W/m2]. 

To replicate realistic outdoor thermal loading, a three-day ambient temperature profile for mid-

July in Miskolc was applied. This profile was developed using average hourly temperatures from 

2020 to 2023, retrieved from free open-source weather [90]. 

4.2. Samples Geometry 

A total of eleven PCM-embedded samples and one reference (non-PCM) block were 

systematically evaluated to investigate the influence of capsule geometry on thermal performance. 

Each sample was filled with RT-27 paraffin wax, selected for its reliable latent heat storage 

properties and consistent melting behavior. To ensure comparability across all configurations, the 

total volume of each test block was standardized at 1500 [cm3]. 

The study explored a range of encapsulation geometries to examine how shape affects heat 

transfer dynamics within the wall system. The tested capsule configurations included: 

• Cuboid-shaped capsules: Five samples, shown in Fig. 4.1 (a-e), were constructed with 

cuboidal geometry. This shape offers a simple, orthogonal structure suitable for analyzing heat 

conduction along three perpendicular axes, providing insight into directional heat flow behavior. 
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Fig. 4.1: Cuboids technical sketches: (a) cuboid capsule, (b) two vertical cuboid capsules, (c) 

two cuboid 90° tilted capsules, (d) cuboid inverted capsule, and (e) two horizontal cuboid 

capsules 

• Cylinder-shaped capsules: Three cylindrical samples, illustrated in Fig. 4.2 (a-c), were 

used to study radial and axial heat conduction. The cylindrical shape enables analysis of the 

influence of curved surfaces on thermal distribution and melting uniformity. 
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Fig. 4.2: Cylinders technical sketches: (a) horizontal cylindrical capsule, (b) two horizontal 

cylindrical capsules, and (c) two vertical cylindrical capsules 

• Prism-shaped capsules: As depicted in Fig. 4.3 (a-c), three samples were designed with 

prismatic geometry, characterized by triangular cross-sections extruded into a 3D form. Prismatic 

capsules offer advantages in terms of structural integration, packing efficiency, and potentially 

enhanced heat transfer due to varied surface area exposure. 

 

Fig. 4.3: Prisms technical sketches: (a) horizontal prismatic capsule, (b) two horizontal 

prismatic capsules, and (c) two vertical prismatic capsules 
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By incorporating these distinct geometric forms, the study enables a comprehensive evaluation 

of the relationship between capsule shape and thermal performance. Understanding this 

relationship is critical for the optimization of PCM systems in building envelopes, where geometry 

significantly affects heat absorption rate, phase transition efficiency, and structural adaptability. 

4.3. Validation and Independence of Mesh Grid 

4.3.1. Validation 

To ensure the reliability of the numerical approach adopted in this chapter, validation was 

conducted by referencing the experimental results of A. Pasupathy et al. [23], whose study 

involved assessing the thermal behavior of PCM panels integrated into a test room roof. Although 

the PCM used in their experiment was an inorganic salt hydrate, and the current study utilizes RT-

27 paraffin wax, the fundamental thermal responses such as temperature attenuation and delayed 

peak loads serve as robust benchmarks for comparison. 

In their setup, Pasupathy et al. maintained constant indoor temperatures and monitored 

temperature fluctuations at the PCM ceiling interface over a 24 [hr] period. The simulated results 

in the present study were aligned with this framework and compared accordingly. The thermal 

response captured by the simulation in this work mirrored the experimental trends with a maximum 

deviation of approximately 0.6 [℃] within acceptable tolerances for building energy simulations. 

Moreover, the numerical model successfully reproduced key dynamic features such as thermal lag 

and damping, characteristic of phase change behavior. The PCM layer’s ability to delay and flatten 

temperature peaks, as shown in both experimental and simulated curves, reinforces the model’s 

capacity to predict PCM-driven performance in building applications. This comparative validation 

confirms that the methodology employed here is sufficiently accurate for the subsequent analysis 

of PCM capsule geometry and its impact on thermal efficiency. 

4.3.2. Independence of Mesh Grid 

To ensure reliable and accurate numerical results, a mesh independence analysis was conducted. 

In CFD simulations, the computational domain is discretized into finite control volumes, or cells, 

through a meshing process. In this study, structured hexahedral cells were generated using ANSYS 

Meshing. While a finer mesh generally improves solution accuracy, it also significantly increases 

computational demand. Hence, it is important to identify a mesh density beyond which further 

refinement yields negligible changes in results (a condition known as mesh independence). 

Seven mesh configurations with increasing node counts were evaluated, focusing on their 

impact on the wall’s indoor surface temperature. As shown in Fig. 4.4, a substantial rise in 

temperature accuracy was observed as the number of nodes increased, particularly up to 

approximately 45,000 nodes. Beyond this threshold, the indoor surface temperature remained 

nearly constant, indicating that the simulation results were no longer sensitive to further mesh 

refinement. Consequently, a mesh with 45,000 nodes was selected as the optimal balance between 

computational efficiency and numerical accuracy for all subsequent simulations in this study. 
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Fig. 4.4: Variations of indoor surface temperature at different grid sizes  

4.4. Numerical Results 

4.4.1. Effect of Incorporating Cuboid-Shaped Capsules 

In this section, the thermal performance of cuboid-shaped PCM capsules embedded within a 

wall structure was systematically analyzed. Five geometric configurations were examined to 

determine how their shapes influence indoor surface temperatures and overall heat transfer into 

the room. 

The incorporation of PCM capsules into cuboid geometries offers several notable benefits. The 

cuboid structure presents a higher surface area-to-volume ratio, which facilitates more efficient 

heat exchange during the melting and solidification processes. Cuboids promote a more uniform 

phase transition across the volume of PCM, reducing the risk of localized overheating or 

undercooling. Their flat surfaces and modular shape also allow for improved integration into 

structural components, such as walls or panels. Fig. 4.5 (a-e) shows the time-dependent indoor 

surface temperatures for the wall integrated with different cuboid-shaped PCM capsules, alongside 

a reference wall without PCM. In each case, the PCM-embedded configurations demonstrate 

reduced temperature fluctuations, confirming their ability to absorb heat and regulate interior 

surface temperature. Among these, the capsule labeled cuboid shape (a) exhibits the most 

consistent thermal moderation. 
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Fig. 4.5(a): Indoor surface temperature distribution with cuboid capsule 

 

Fig. 4.5(b): Indoor surface temperature distribution with two vertical cuboid capsules 
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Fig. 4.5(c): Indoor surface temperature distribution with two cuboid 90° tilted capsules

 

Fig. 4.5(d): Indoor surface temperature distribution with cuboid inverted capsule 
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Fig. 4.5(e): Indoor surface temperature distribution with two horizontal cuboid capsules 

This thermal buffering is quantitatively supported by the total heat transfer values shown in Fig. 

4.6. Compared to the non-PCM reference wall, the cuboid capsules achieved varying degrees of 

energy reduction. Notably, cuboid shape (a) produced the highest reduction in heat transmission 

up to 37 % followed closely by shapes (b) and (e), which reduced heat flow by 35 % and 36 %, 

respectively. Conversely, shapes (c) and (d) yielded lower reductions, around 8 % and 9 %, 

suggesting that shape optimization plays a critical role in enhancing thermal efficiency. 

 

Fig. 4.6: Total amount of heat transfer reduction to the room for different cuboid capsules 

Overall, the findings underscore the importance of geometric design in PCM encapsulation. 

Strategically shaped cuboid capsules significantly enhance thermal performance, reduce indoor 

heat gains, and contribute to improved energy efficiency in building envelopes. 



CHAPTER 4 

57 
 

4.4.2. Effect of Incorporating Cylinder-Shaped Capsules 

Optimizing the geometry of PCM capsules can significantly influence thermal performance 

because capsule shape affects the available heat-transfer area, characteristic conduction length, 

and the charging/discharging rate of the PCM. In this study, cylindrical capsules provide a practical 

geometry for integration into hollow-brick cavities and can promote more uniform heat transfer 

around the capsule perimeter, depending on the selected dimensions and placement. However, the 

thermal advantage of any capsule shape is not inherent; it depends on the specific surface-area-to-

volume ratio and geometric constraints of the wall system. In addition to thermal considerations, 

cylindrical capsules can offer good mechanical stability under load and are relatively 

straightforward to manufacture and integrate into building components. 

In this study, the impact of embedding PCM within cylindrical capsules was analyzed. Fig. 

4.7(a-c) shows the temporal variation in indoor surface temperature for walls embedded with three 

distinct cylindrical capsule designs. Across all configurations, the incorporation of PCM led to 

noticeably lower temperature fluctuations compared to the reference wall without PCM. This 

thermal dampening effect is attributed to PCM acting as a latent heat sink, absorbing excess 

thermal energy during peak conditions and releasing it during cooler periods. As a result, the 

indoor surface remains more stable and closer to the comfort temperature range. 

 

Fig. 4.7(a): Indoor surface temperature distribution with horizontal cylindrical capsule 
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Fig. 4.7(b): Indoor surface temperature distribution with two horizontal cylindrical capsules 

 

Fig. 4.7(c): Indoor surface temperature distribution with two vertical cylindrical capsules 

The effectiveness of each cylindrical capsule shape is further quantified in Fig. 4.8, which 

presents the percentage reduction in heat transfer to the room. Among the three configurations 

studied, the cylindrical capsule (b) demonstrated the highest thermal performance, achieving a 

35.85 % reduction in heat transfer. This indicates that, beyond just geometry, the spatial 

distribution and volume-to-surface ratio of the PCM capsule significantly influence the extent of 

energy absorption and the resulting indoor temperature stabilization. 
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Fig. 4.8: Total amount of heat transfer reduction to the room for different cylindrical capsules 

These results confirm that cylindrical capsules particularly optimized configurations like (b) are 

effective in reducing peak thermal loads, thus enhancing the energy efficiency of PCM-integrated 

building envelopes. 

4.4.3. Effect of Incorporating Prism-Shaped Capsules 

Prismatic capsules can improve thermal response due to geometric effects (e.g., surface-area-

to-volume ratio and heat transfer area), while the PCM volume is kept constant at 1500 cm³ across 

all cases. Enhanced thermal conductivity and more uniform phase transitions are promoted by 

extended surface contact, which contributes to consistent temperature regulation. Moreover, their 

compatibility with modular and structural designs makes them especially suitable for integration 

into building materials. However, prismatic capsules can pose manufacturing challenges due to 

their complex shapes and sharp edges, potentially complicating encapsulation processes. Despite 

these limitations, they are ideal for applications demanding high energy storage efficiency and 

precise thermal control. 

This study explored the influence of PCM encapsulated in prismatic shapes on indoor surface 

temperatures. Fig. 4.9 (a-c) presents the temperature fluctuations across walls integrated with 

different prism-shaped capsules. Compared to walls without PCM, the temperature oscillations 

within PCM-integrated walls are significantly reduced, highlighting the heat-sink effect of the 

PCM, which limits energy transmission from outside to inside surfaces. 
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Fig. 4.9(a): Indoor surface temperature distribution with horizontal prismatic capsule 

 

Fig. 4.9(b): Indoor surface temperature distribution with two horizontal prismatic capsules 
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Fig. 4.9(c): Indoor surface temperature distribution with two vertical prismatic capsules 

Fig. 4.10 compares the total heat transfer to the room for each prismatic configuration. Among 

the examined designs, prism-shaped capsule (b) yielded the greatest reduction in thermal energy 

transmission, demonstrating its superior effectiveness in mitigating heat flow into the interior 

space. 

 

Fig. 4.10: Total amount of heat transfer reduction to the room for different prismatic capsules 

4.5. Summary of This Chapter 

This chapter focused on optimizing the geometric configuration of PCM capsules embedded 

within building envelopes to enhance thermal performance. Using RT-27 paraffin wax selected 

for its favorable thermal characteristics and suitability for Miskolc’s climate, the study evaluated 

how different capsule shapes influence energy storage and heat transfer in building walls. 
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Three primary capsule shapes were examined: cuboid, cylindrical, and prismatic, each offering 

distinct thermal and structural advantages. Cuboid-shaped capsules demonstrated superior heat 

transmission reduction, achieving the highest performance in limiting indoor temperature 

fluctuations. Their flat surfaces promote uniform phase transitions and make them structurally 

compatible with modular wall components, while also being cost-effective and easy to 

manufacture. Cylindrical capsules offered good mechanical stability and directional heat flow, 

making them well-suited for integration into hollow or tubular masonry systems. These shapes 

also exhibited strong thermal damping with moderate energy savings, particularly with optimal 

configurations. Prismatic capsules, despite being more complex and costly to manufacture, 

excelled in applications requiring space efficiency and controlled heat release. Their enhanced 

packing density and consistent thermal behavior made them ideal for high-performance energy 

regulation needs. 

Across all tests, numerical simulations confirmed that incorporating PCM in various optimized 

capsule shapes effectively reduced heat transmission into the indoor environment, thereby 

lowering energy loads. Among the designs studied, cuboid capsule (a) achieved the greatest heat 

transfer reduction, as shown in Fig. 4.11 highlighting the importance of geometric optimization in 

PCM applications. 

 

Fig. 4.11: Total amount of heat transfer reduction to the room for different capsules 

Ultimately, the chapter concludes that capsule shape selection should be based on the specific 

thermal, spatial, and economic requirements of the application. Cuboid designs are optimal for 

cost-effective thermal regulation, cylindrical shapes serve well in directed systems, and prismatic 

forms are ideal where space utilization and thermal uniformity are critical. 
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5. COMBINING AESTHETICS AND EFFICIENCY PCM APPLICATIONS IN FLEMISH 

BOND WALLS 

In this chapter, the focus shifts to the integration of PCMs into Flemish bond brick walls, a 

strategy that combines architectural tradition with modern energy efficiency solutions. Bricks have 

long served as both structural and decorative elements in building envelopes, with Flemish bond 

patterns offering a distinctive aesthetic characterized by alternating headers and stretchers. While 

this design enhances the visual appeal of facades, its influence on thermal performance remains 

underexplored in academic literature. 

To address this gap, the chapter investigates how incorporating PCMs into Flemish bond walls 

can enhance their thermal behavior, offering both passive thermal regulation and reduced energy 

demands. PCMs are well-suited for LHS systems, where they absorb excess heat during peak 

temperature periods and release it when temperatures drop, thus maintaining a stable indoor 

environment. This capability is particularly relevant in the context of increasing energy 

consumption and the need for sustainable building practices. The study employs numerical 

simulations to assess heat transfer dynamics and temperature regulation in Flemish bond walls 

integrated with RT-27 PCM, focusing on a real-world climate scenario in Miskolc, Hungary. The 

results demonstrate that while Flemish bond structures alone reduce energy transfer by 6 %, the 

addition of PCM enhances this reduction to 21 %, thanks to their latent heat storage potential. This 

dual effect highlights the synergy between traditional construction methods and advanced thermal 

materials. By combining the aesthetic value of Flemish bond architecture with the thermal 

efficiency of PCM technology, this chapter underscores a novel approach to sustainable building 

design. It provides insight into how energy performance and visual form can be simultaneously 

optimized, offering a compelling solution for energy-conscious architecture without sacrificing 

heritage or aesthetics. 

5.1. Model Characteristics 

To simulate the structural and thermal behavior of exterior walls typical of Miskolc, Hungary, 

a brick block with dimensions of 40×20×15 [cm] was selected as the reference model. This block 

typifies the masonry commonly employed in regional construction, making it an ideal candidate 

for representing the real-world thermal properties and performance of local building envelopes. 

By choosing a widely used material configuration, the study ensures that simulation results reflect 

realistic climatic conditions and construction practices, allowing for a reliable evaluation of 

thermal behavior and energy efficiency. 
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The thermal performance of two Flemish bond-configured samples and one standard reference 

block was systematically analyzed. The samples were geometrically arranged to reflect the 

structure of a Flemish bond wall, as depicted in Fig. 5.1 (a-c). A Flemish bond is characterized by 

alternating headers and stretchers in each course, with headers of one course aligned centrally over 

the stretchers of the course below. Every alternate course begins with a header at the corner. While 

aesthetically pleasing and structurally sound, Flemish bonds require greater masonry skill and 

precision, making them more challenging to construct. 

 

Fig. 5.1: a) Schematic view of brick block, b) Schematic view of brick block with Flemish bond, 

c) Schematic view of brick block (Flemish bond) integrated with PCM 
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In the simulation setup, the indoor temperature was held constant at Tin= 22 [℃], consistent 

with thermal comfort standards [88]. Convective heat transfer coefficients were set at hex= 25 

[W/m2K] for the external surface and hin= 10 [W/m2K] for the internal surface [89]. The top and 

bottom surfaces of the wall were assumed to be insulated, with a heat flux of q= 0 [W/m2], to focus 

the analysis on horizontal heat transfer through the wall assembly. The ambient outdoor 

temperature variation was recorded over three days in mid-July for the city of Miskolc. The 

average outdoor temperature during this timeframe was calculated using data from 2020 to 2023 

[90], providing a representative thermal profile for simulating building envelope performance 

under summer peak conditions. 

5.2. Validation and Independence of Mesh Grid 

To ensure the accuracy and credibility of the numerical simulations performed in this study, 

both validation and mesh independence analyses were conducted. Although the focus of this 

chapter differs from earlier analyses by addressing Flemish bond wall geometries, the core 

computational model was cross-validated against experimental data provided by A. Pasupathy et 

al. [23]. Their research, which investigated the thermal performance of PCM panels in a controlled 

test room environment, offers a benchmark for validating the numerical model’s ability to capture 

key thermal dynamics such as temperature delay, attenuation, and heat transfer reduction due to 

latent heat effects. Despite differences in structural layout and PCM type, the numerical results in 

this chapter exhibit a similar trend in temperature stabilization and thermal lag behavior, indicating 

that the model reliably captures the influence of PCMs in dynamic thermal environments. This 

cross-validation offers confidence in extending the numerical framework to more complex wall 

configurations like the Flemish bond structure. 

Furthermore, a mesh independence study was conducted to verify that the numerical outcomes 

are not sensitive to mesh size, particularly considering the intricate geometry of the Flemish bond 

arrangement. Hexahedral elements were employed in the meshing process using ANSYS Meshing, 

and simulations were run on seven progressively finer mesh grids. The key parameter evaluated 

for independence was the indoor surface temperature, which serves as a direct indicator of the 

wall's thermal response. Results showed that beyond approximately 45,000 nodes, the variation in 

temperature outcomes became negligible, suggesting that further mesh refinement would not 

significantly impact accuracy, but would instead increase computational cost. Therefore, the 

selected mesh configuration strikes an effective balance between precision and efficiency, 

ensuring robust simulation outcomes throughout the analysis of the PCM-enhanced Flemish bond 

walls. 

5.3. Numerical Results 

5.3.1. Effect of Incorporating Flemish Bond in the Building Envelope  

This section explores the thermal implications of integrating the Flemish bond brick 

arrangement into the external wall design. The Flemish bond, courser alternating headers, and 
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stretchers in each course are not only an aesthetic architectural feature, but also introduce structural 

complexity that can influence thermal performance. To assess this, a comparative numerical 

simulation was performed using a standard brick wall configuration and one enhanced with a 

Flemish bond pattern. Fig. 5.2 presents the temperature profiles on the indoor surface of the wall 

over a 72 [hr] period under typical summer weather conditions in Miskolc, Hungary. The green 

line denotes the constant indoor room temperature of 22 [℃], while the blue dashed curve 

represents the temperature profile of a wall without the Flemish bond, and the orange curve 

indicates the temperature response of the wall incorporating the Flemish bond. It is evident from 

the figure that the wall with the Flemish bond exhibits a smoother temperature fluctuation with 

visibly reduced peaks and troughs. This highlights the Flemish bond’s capacity to act as a thermal 

buffer, dampening the temperature swings that result from outdoor thermal loading. 

 

Fig. 5.2: Indoor surface temperature distribution with Flemish bond 

The reduced thermal amplitude can be attributed to the geometry of the Flemish bond, which 

introduces additional layers of mass and internal voids that delay the progression of heat waves 

through the wall. As a result, the indoor surface experiences less dramatic changes in temperature 

over time, which contributes to enhanced thermal comfort and greater energy efficiency. 

Specifically, the highest indoor wall temperature in the standard wall approaches 24.3 [℃], 

whereas, in the Flemish bond wall, it remains closer to 24 [℃], a subtle but important improvement 

that reduces cooling loads. The quantitative evaluation confirms this thermal benefit. The total 

heat transmitted into the interior space was calculated as 3.56 [W] for the conventional wall, while 

the wall with the Flemish bond configuration recorded a reduced value of 3.33 [W]. This 

corresponds to a 6 % reduction in heat gain, demonstrating the potential of the Flemish bond not 

only as an architectural design choice, but also as a passive thermal management strategy. In 

conclusion, the incorporation of a Flemish bond into building envelopes enhances the thermal 

performance of walls by moderating temperature fluctuations and decreasing the amount of heat 

transmitted into interior spaces. This result suggests that geometric features associated with the 
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Flemish bond configuration can contribute to reduced heat transfer, separating pattern effects from 

thickness/thermal-mass effects will be addressed in future work. 

5.3.2. Effect of Incorporating PCM in Flemish Bond  

The computations conducted in the previous section were explicitly applied to the wall 

illustrated in Fig. 5.1(a), where a Flemish bond was incorporated into the building’s exterior 

envelope. In this context, the Flemish bond design was utilized on the outer surface of the wall. 

This architectural choice not only enhances the aesthetic appeal, but also impacts the wall’s 

structural integrity and thermal performance. This section further investigates the effect of 

integrating PCM into the same wall configuration. Embedding PCM within a Flemish bond 

structure enhances the thermal inertia of the wall and provides a buffering effect against ambient 

temperature fluctuations. As shown in Fig. 5.3, the wall with the combined use of the Flemish 

bond and PCM demonstrates significantly lower fluctuations in indoor surface temperature 

compared to the reference wall and the wall with the Flemish bond only. The red dotted curve, 

representing the wall with both Flemish bond and PCM, exhibits a flatter thermal response with 

reduced peaks and valleys, indicating a more stable and controlled indoor thermal environment. 

This dampening effect is a direct result of PCMs latent heat storage behavior, which smooths out 

the temperature variations by absorbing thermal energy during warmer periods and releasing it 

during cooler phases. 

 

Fig. 5.3: Indoor surface temperature distribution with Flemish bond and phase change material 

Fig. 5.4 provides further evidence of improved performance by presenting the heat transfer to 

the room over time. The graph indicates that the integration of PCM reduces both the maximum 

and minimum magnitudes of heat transfer into the room. The reference wall shows the highest 

amplitude in heat flux, while the wall incorporating the Flemish bond and PCM exhibits the most 

moderated curve, with the lowest peak values. This suggests a substantial reduction in the cooling 

and heating loads, as PCM buffers against rapid energy exchange. The total heat transmitted into 
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the interior space was calculated for the wall with the Flemish bond with PCM configuration 

recorded a reduced value of 2.82 [W]. 

 

Fig. 5.4: Heat transfers to the room when the phase change material is incorporated in the 

Flemish bond 

Quantitatively, while the Flemish bond alone reduced heat transfer by approximately 6 %, the 

addition of PCM pushed this reduction up to 21 %. These results confirm that the combination of 

architectural detailing (Flemish bond) with advanced thermal energy storage (PCM) not only 

improves the aesthetic and structural properties of the building envelope, but also provides a highly 

effective passive thermal regulation strategy. The findings highlight the synergy between passive 

design and material innovation, offering a promising direction for sustainable building solutions 

in climates such as that of Miskolc, Hungary. 

5.4. Summary of This Chapter 

This chapter presented a detailed numerical investigation into the thermal and energy 

performance of Flemish bond masonry walls, with and without the integration of PCM. 

Traditionally appreciated for their architectural aesthetics and historical use in masonry, Flemish 

bond walls were analyzed in this study not only for their structural benefits, but also for their 

thermal behavior in the context of energy-efficient building design. 

Simulations using representative climatic data from Miskolc, Hungary, demonstrated that the 

Flemish bond wall configuration on its own contributed to a 6 % reduction in heat transfer to the 

indoor environment compared to a standard reference wall. This improvement is attributed to the 

increased mass and layered pattern of the Flemish bond, which inherently moderates temperature 

fluctuations by acting as a passive thermal buffer. The innovative focus of the chapter was the 

integration of RT-27 paraffin wax PCM into the Flemish bond configuration. When incorporated, 

the PCM capitalized on its latent heat storage capability, absorbing excess thermal energy during 

high external temperatures and releasing it during cooler periods. This dual function of storage 
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and release significantly improved thermal stability, reducing temperature fluctuations across the 

wall's indoor surface. 

As shown in Fig. 5.3 and Fig. 5.4, the wall with both Flemish bond and PCM experienced 

markedly lower peak temperatures and smoother heat flux patterns over a 72 [hr] period. Most 

notably, as illustrated in Fig. 5.5, the total reduction in heat transfer reached 21 %, underscoring 

the synergistic impact of combining the thermal mass benefits of the Flemish bond with the 

dynamic energy buffering properties of PCM. 

 

Fig. 5.5: Total amount of heat transfer reduction to the room for different building envelope 

designs 

These findings not only validate the role of PCMs in enhancing building envelope performance, 

but also propose a novel use case: leveraging the geometric and aesthetic structure of traditional 

masonry patterns to augment energy efficiency. The integration of PCM into Flemish bond 

structures introduces a compelling path forward in sustainable architecture, preserving historical 

design while meeting modern energy performance demands. 
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6. THESES – NEW SCIENTIFIC RESULTS 

T1. I developed and validated a reliable CFD-based approach to simulate the melting of RT-27 

PCM under convective heating conditions. I implemented the model in ANSYS Fluent using 

the enthalpy–porosity method and established a reproducible workflow that addresses key 

numerical aspects, including mesh generation, boundary conditions, and solver settings. Using 

this framework, I analyzed the transition from conduction-dominated to convection-

dominated heat transfer during melting and quantified the influence of buoyancy-driven flow 

and thermal stratification on the charging process. This work provides a practical simulation 

methodology for optimizing PCM integration in building energy systems. Publications (1-3). 

 

T2. I systematically analyzed the effect of PCM layer positioning within building envelopes under 

realistic environmental conditions. Using CFD simulations, I showed that placing the PCM 

layer closer to the exterior surface can enhance wall thermal performance and reduce heat 

transfer to the indoor space by up to 23%. This result provides practical, climate-specific 

guidance for optimal PCM placement in wall assemblies and supports improved passive 

thermal regulation in building design. Publications (1,4). 

 

T3. I investigated how PCM layer thickness influences the thermal performance of PCM-

enhanced walls within the tested range 1–5 cm. I found that increasing thickness increases 

latent storage capacity and thermal inertia and reduces temperature fluctuations; within the 

investigated range, the maximum heat-transfer reduction (up to 42%) was achieved at 5 cm. 

This result provides practical guidance for thickness selection in the examined range and 

highlights that further increases may exhibit diminishing returns and must be balanced against 

construction constraints. Publications (1,4). 

 

T4. I compared the performance of multiple PCM materials for building-envelope applications by 

evaluating how their thermophysical properties influence wall heat transfer. Under the tested 

conditions, I identified SP-25E2 as the best-performing PCM among the selected candidates, 

achieving up to a 26% reduction in heat transfer. Based on these results, I formulated practical 

material-selection guidance that links PCM characteristics (especially melting range and 

volumetric storage potential) to the climatic loading and wall requirements for effective PCM 

integration in energy-efficient construction. Publications (1,4). 

 

T5.  I systematically analyzed how PCM capsule geometry affects the thermal performance of 

building envelopes. Using CFD simulations, I compared cuboid, cylindrical, and prismatic 

capsule configurations under realistic climatic boundary conditions and quantified their 

impact on indoor-side heat transfer and temperature regulation. Under the fixed study 

constraints (same wall and boundary conditions, and a constant PCM quantity), I found that 

the capsule configuration, through its geometry and the resulting PCM distribution-contact 

area within the wall, significantly influences PCM charging/discharging behavior and overall 
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heat transfer reduction. In the tested cases, cuboid capsules produced the largest reduction (up 

to 37%), followed by cylindrical capsules (≈36%) and prismatic capsules (up to 35.85%), 

depending on space utilization and constructability constraints. Based on these results, I 

proposed practical configuration recommendations and established a validated simulation 

workflow for evaluating encapsulated PCM systems in building envelopes. Publications (1,5). 

 

T6. I investigated, for the first time in this dissertation, the combined effect of integrating PCM 

into a Flemish-bond masonry wall to improve thermal performance under realistic climatic 

boundary conditions. I found that the tested Flemish-bond wall configuration reduces indoor-

side heat transfer by approximately 6% compared with the reference wall. I further showed 

that embedding RT-27 PCM within the Flemish-bond cavities provides an additional 

performance gain, leading to a total heat transfer reduction of about 21% relative to the 

conventional wall assembly. This work also establishes a CFD-based workflow for simulating 

the transient thermal behavior of complex masonry PCM configurations and provides design 

insight into combining masonry detailing with latent thermal storage for passive temperature 

control. Publications (6). 
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