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Abstract 

In recent times, there has been a shift from traditional vernacular houses to modern 

architecture in urban and rural areas. To maintain a comfortable thermal 

environment inside a modern building requires adequate active space heating and 

cooling systems. The continuously increasing demand for high-quality energy for 

space heating and cooling, coupled with the associated environmental emissions, 

necessitates the development and adoption of alternative and more sustainable 

solutions. In the case of rural areas, the availability and affordability of electricity for 

thermal management in buildings is another challenge for a country like India. In 

this regard, low-cost yet effective passive thermal management methods have 

significant potential to improve the indoor thermal environment and increase 

operational energy efficiency in the building sector.  The present study focuses on 

developing an affordable material for building envelopes to passively reduce the 

energy demand for space cooling in hot and humid climates.    

The use of organic phase change materials (PCM) in the building envelope can 

provide high thermal mass and thus can lower the temperature fluctuation inside 

the building. The leakage issue during phase transition in organic PCM is a critical 

challenge that requires attention. In the current study, porous biochar for providing 

shape stability to organic PCM (OM35) has been systematically explored by using 

three abundant biomasses.  Sugarcane bagasse (SCB), water hyacinth (WH), yellow 

oleander (YO), and their binary and ternary blends have been pyrolyzed at a 

temperature of 550°C to produce biochar. The biochar has been mixed with OM35 

through simple impregnation method for the preparation of seven different form-

stable biocomposite PCMs. In addition to exhibiting substantially enhanced leakage 

resistance relative to pure OM35, the WH-PCM demonstrates a marked improvement 

in thermal transport properties, with its thermal conductivity increased by 50.5 %. 

The durability and dependability of the biocomposite PCMs have been studied after 

completing 500 thermal cycles. The negligible changes in physical, thermal, and 

chemical properties over the thermal cycles confirm that WH-PCM is a 

suitable option for use in building envelopes. Subsequently, 50 g of WH-PCM is then 

inserted into a 20 mm slot located at the center of a clay brick, commonly used in 

rural construction in India. A controlled study in a developed thermal 

chamber demonstrates that the WH-PCM-impregnated brick achieves a maximum 

temperature difference of 7.98 °C across its thickness compared to an identical red 
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clay brick. Following the preliminary results, a (1m × 1m) wall section has been 

constructed using clay bricks incorporated with WH-PCM. Three wall configurations 

are studied by varying the placement of the WH-PCM layer in all four directions over 

one summer month in a hot and humid climate. The optimum results in terms of 

reduction in inside wall temperature and heat flux are found in the west direction 

when the WH-PCM layer is applied in the middle of the wall thickness. 

The maximum peak temperature reduction is found to be 4.66°C compared to the 

control wall, and the average reduction in daily heat flux is found to be 76%. The 

compressive strength analysis indicates that the modified brick falls under grade 7.5 

of bricks, as per the IS 1077: 1992 standards. With the WH-PCM layer in 

its optimum position on the brick wall, an experimental cubicle has been 

constructed, and the interior temperature regulation profile has been studied. The 

study confirmed that WH-PCM-enhanced walls are beneficial in reducing the overall 

room temperature during peak summer hours, with a maximum temperature 

difference of 6°C compared to a reference room of identical dimensions. Based on 

directional analysis, the application of WH-PCM is recommended for the west and 

south walls for that particular climate. An Assam-type building is modelled with WH-

PCM incorporated walls in the west and south directions for techno-economic 

analysis.  The results showed that with WH-PCM integration, the annual cooling 

energy load has decreased by 31.5%. Considering the current unit electricity price in 

India, the PCM-integrated wall assembly achieved a simple payback period of 

approximately eight years, along with a positive net present 

value, indicating favourable long-term economic returns. Additionally, the life cycle 

analysis reveals that using WH-PCM on the south and west walls is environmentally 

beneficial compared to an identical building with conventional brick walls.  PCM 

intervention in walls results in an approximate 30% reduction in global warming 

potential. The present study provides a comprehensive analysis and techno-

economic comparison, offering critical insights into the optimal preparation of 

biochar-based PCMs and their cost-effective application in rural housing, as well as 

the most effective placement and orientation of PCM layers within brick walls to 

achieve indoor temperature reduction in hot and humid climates. 
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1.1 Motivation 

The current decade witnesses an exponential rise in global energy demand in the modern 

building sector. The escalation in heat waves globally, both in frequency and intensity, 

necessitates longer periods of cooling each day. Space cooling, essential for maintaining indoor 

thermal comfort amid record-high temperatures, places a growing strain on global electricity 

demand [1]. It was reported that active space cooling and air conditioning systems consume 

approximately 16% of the final electricity of the building sector and contribute 3.94% of global 

greenhouse gas emissions [2].  Despite the fact that this upward trend is essential for human 

thermal comfort and health, the world is on the verge of a "cold crunch" because of the 

excessive use of air conditioning systems. In this era of growing energy demand, it is extremely 

important to focus on energy-efficient solutions for building operations. Effective and 

sustainable interventions in buildings to meet cooling demand can reduce global energy 

demand by 12% [3].  

China has been leading the growth in energy consumption in the buildings sector, with a yearly 

rise of 4.8% between 2010 and 2022, followed by India at 1.9% per year [4]. A study on the 

trend of construction shows that 80% of rural and 97% of urban houses are made of modern 

construction materials in India by 2018, which fail to provide indoor thermal comfort compared 

to vernacular buildings [5]. The residential floor area in India is expected to grow more than 

double in the coming decades, and as a result, space cooling alone is projected to account for 

nearly 45% of the peak electricity demand by 2050 [6]. Additionally, considering India's 

climatic zones, the heating requirement for attaining thermal comfort is limited in the country; 

rather, space cooling is the major demand for human health, well-being, and productivity. 

Despite having extremely high cooling needs, only 4% of Indian households possessed an air 

conditioning system by 2016, as people could not afford the high cost related to the 

procurement and operational costs of the system [2]. Notably, at the global stage, 

approximately 5 billion households have a substantial requirement for space cooling, yet only 

one-third of them currently possess an air conditioner [7]. Thus, the world, including India at 

large, is looking for sustainable and affordable solutions for building cooling demand. Such 

cooling demand can be attenuated by the implementation of energy-efficient building 

appliances and thermally efficient building design. Indian Cooling Action Plan (ICAP 2019) 

has recommended thermal comfort strategies for affordable housing projects under the  Eco 

Niwas Samhita for residential buildings [8]. Integration of passive cooling and efficient 

envelope strategies can cut future cooling energy use by 20–30% in India. It is estimated that 
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with each 1°C drop in air temperature, the peak cooling demand would be lowered by 2–4% 

[6].    

Passive buildings aim to provide indoor thermal comfort by managing temperature and 

humidity through efficient design, advanced envelope materials, and balanced ventilation by 

adhering to the local climatic conditions with minimal utilization of grid-connected electricity 

[9]. The building envelope serves as a critical mediator of heat transfer between outdoor and 

indoor environments due to the temperature difference between the indoor and ambient 

temperatures, reported as more than 60% of total building thermal loads, significantly 

influencing heating and cooling loads [10]. Enhancing the building envelope with advanced 

materials through retrofitting and modifications provides an effective means of creating a 

favorable thermal environment indoors without the need for active energy consumption. 

Incorporating phase change material (PCM) into the building envelope can serve as a passive 

cooling strategy by enhancing the thermal mass and thereby modulating heat flow. PCM has 

been gaining attention in building science because of its characteristics like high heat of fusion, 

constant operating temperature, high energy density, high durability, corrosion resistance, and 

non-toxicity [11,12]. If PCM is incorporated into a building system, it can increase thermal 

comfort, improve building thermal envelope performance and system efficiency, reduce peak 

power consumption and contribute to the reduction of CO2 emissions [13]. Besides having the 

aforementioned favorable characteristics, leakage of liquid PCM, low thermal conductivity and 

cost remain as challenges [14].   

The present study has focused on developing biocomposite PCMs by blending porous biochar 

with suitable organic PCMs through the simple impregnation method. This biocomposite PCM 

ensures higher thermal conductivity and shape stability during phase transition than ordinary 

PCM. The issue of high cost with PCM is also compensated for by the novel PCM, as the raw 

material is derived from the locally available biomass from rural areas. The biocomposite PCM 

is incorporated into traditional clay bricks commonly used in rural Indian construction. These 

enhanced bricks are then assembled to form building walls of an experimental cubicle, enabling 

improved thermal performance. Walls incorporating biocomposite PCM effectively reduce 

indoor temperature and limit heat penetration into the tested experimental cubicle, without the 

need for any active cooling devices. By developing sustainable, biomass-derived biocomposite 

PCM-integrated building materials, this study takes a step toward achieving SDG 7 (Affordable 

and Clean Energy), SDG 11 (Sustainable Cities and Communities), and SDG 13 (Climate 

Action) set by the United Nations for 2030. 
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1.2 Latent heat thermal energy storage (LHTES)  

LHTES is a thermal energy storage method that utilizes the heat absorbed or released during 

the phase change of a material, enabling the storage and release of large amounts of energy at 

nearly constant temperature. LHTES is preferable over sensible heat storage because it can 

provide high energy storage density per unit mass or per unit volume, approximately at the 

isothermal condition [15].  

The latent heat process is mathematically expressed as Eq. 1.1.  
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(1.1) 

where m  is the mass of the thermal energy storage material with the heat of fusion H . The 

first term represents the sensible heat added to raise the material from the initial temperature 

oT  to the phase‐change temperature sT  in the solid state. The last term is the sensible heat 

added to raise the material from the phase‐change temperature lT  to the final temperature fT  

in the liquid phase, psC , and plC  are the specific heat capacities of the solid and liquid phases, 

respectively. 

 

1.3 Phase change material(PCM) 

 

Fig. 1.1 PCM phase change transition [16] 

PCM is a substance that absorbs or releases a significant amount of heat as it undergoes a 

change in its physical state, such as from solid to liquid or vice versa [17]. Fig.1.1 shows the 
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heat transfer mechanism of the solid-liquid phase change process of PCM. The desirable 

properties of PCM are listed in Table 1.1 [18].  

Table 1.1 Desirable properties of PCM for thermal energy storage 

Characteristics Desirable properties 

Thermal properties Suitable phase transition temperature 

High latent heat of transition 

High thermal conductivity 

Physical properties High density 

Small volume change 

Low vapour pressure 

Kinetic properties Low super-cooling 

Sufficient crystallisation rate 

Chemical properties Long-term stability 

Compatibility with materials of construction 

Reproducible crystallisation without degradation 

No corrosiveness 

No toxicity 

No fire hazard 

Economics Cost effective 

Availability 

 

1.3.1 Types of PCM  

PCMs are broadly classified as organic, inorganic and eutectic [16].  The different types of 

PCM are shown in Fig. 1.2 and discussed briefly in the subsequent sections.  

1.3.1.1 Organic PCM  

Organic PCM has the advantages of melting congruently, being chemically and physically 

stable, and having a high heat of fusion. Its drawbacks are that it is more expensive and 

flammable, has low thermal conductivity in the solid state, has lower heat storage capacity per 

unit volume, and has leakage problem during phase transition [13]. The drawbacks are 

mitigated by using metallic filters, metal-matrix structures, and fin tubes, encapsulation, and 

preparation of form-stable material using a porous supporting matrix.  

Paraffin waxes (CH₃(CH₂)ₙCH₃) are among the most widely used organic PCMs due to their 

low cost and moderate thermal storage capacity, typically ranging from 120 to 210 kJ/kg. They 

are available with melting points between 20°C and 70°C, making them suitable for various 
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low-temperature solar applications. Paraffins are chemically stable, exhibit low vapor pressure 

in their liquid phase, and do not undergo phase segregation during thermal cycling. However, 

paraffin suffers from low thermal conductivity (~0.2 W/mK), which limits its heat transfer 

efficiency. Additionally, they experience significant leakage during phase transitions, which 

can pose structural challenges [19].  

 

Fig. 1.2 Classification of PCM [17] 

Non-paraffin organic PCMs include fatty acids, esters, alcohols, and glycols. These materials 

offer excellent melting and freezing behavior, high latent heat of fusion, minimal volume 

change during phase transition, and no supercooling. However, they are approximately three 

times more expensive than paraffin [20]. 

1.3.1.2 Inorganic PCM 

Inorganic PCMs are advantageous than organic PCMs because they possess double energy 

storage density, higher thermal conductivity, higher operating temperatures, and lower cost. 

The disadvantages of inorganic PCMs are that they are corrosive, thus the service life becomes 

short. Also, inorganic PCMs often suffer from phase segregation and supercooling. Inorganic 

PCMs can be primarily classified into two groups: salts and salt hydrates, and metals and their 

alloys [13].  

Salt hydrates are typically represented by the formula OnHBA yx 2. , where n  denotes the number 

of water molecules, and yx BA  refers to a salt such as a metal carbonate, sulfite, phosphate, 

nitrite, acetate, or chloride. The bonding in salt hydrates primarily involves ion–dipole 
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interactions, occurring between the ions of the salt and the polar water molecules. In some 

cases, hydrogen-hydrogen interactions may also be present. The water molecules are loosely 

bound to the anions, and occasionally to the cations. During a phase change, latent heat is 

absorbed, causing the salt hydrate to release part or all of its water content, often leading to 

partial or complete dissolution of the salt [21]. 

Another category of inorganic PCMs comprises metals and metallic alloys. These inorganic 

PCMs offer several advantages over salts and salt mixtures. Metallic PCMs possess high 

thermal conductivity, eliminating the need for additional conductivity-enhancing materials. 

Furthermore, they offer a high heat of fusion per unit volume, low specific heat, low vapor 

pressure, and excellent thermal stability and cyclic performance [15].  

 

1.3.1.3 Eutectic PCM 

Eutectic PCM refers to the homogeneous mixture of inorganic-inorganic, organic-organic or 

inorganic-organic PCM. Although an eutectic mixture consists of different melting point 

PCMs, the resultant melting point is single and usually lower than both the constituents [22]. 

Upon crystallization, eutectic PCM results in a single crystal. The congruent melting of eutectic 

PCM makes it very suitable for use in any energy storage applications [15].  

 

Fig. 1.3 Melting temperature and enthalpy comparison of different solid-liquid PCM [23] 

The comparison of the three mentioned PCMs in terms of melting enthalpy and melting 

temperature is shown in Fig. 1.3. According to the comparison, paraffin, glycol and salt 
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hydrates are the most suitable PCMs for building applications, based on their melting point. 

Table 1.2 presents a systematic analysis of the different PCMs, showing their respective 

advantages, key limitations and major applications [19,23–28].  

Table 1.2 Systematic comparison and applications of different PCMs  

Type Advantages Key Limitations Applications 

Organic Solidifies without sub-cooling 

Low vapour pressure 

Congruent melting  

Chemically stable 

High heat of fusion 

Non-toxic 

Non-reactive 

Recyclable 

Low thermal 

conductivity  

Highly flammable 

 

 

 

 

Buildings 

Textiles 

Electronic devices  

Bio-medical  

Solar PV  

Food industry  

Inorganic High thermal conductivity 

Lower volumetric expansion 

High heat of fusion per unit 

volume 

Less costly 

Non-flammable 

 

High degree of 

supercooling 

Lack of thermal 

stability 

Incongruent melting  

Corrosive 

Chemical instability 

 

Buildings 

Battery  

Solar parabolic 

collector  

Electric vehicles 

Water heating and 

cooling 

Eutectics Sharp melting temperature 

High thermal storage density 

No phase segregation  

congruent phase change 

Availability 

Expensive 

Buildings 

Space applications  

 

1.4 Improvement in organic PCMs 

The low thermal conductivity of organic PCMs, along with their tendency to leak during phase 

transitions, are two major limitations that require fine-tuning for practical applications [29]. 

Different technologies are being developed to address those problems, so that the use of organic 

PCM in buildings can be practically possible. The key motive of the modification is to 

encapsulate the parent organic PCM with some efficient materials so that the shape of the PCM 

remains intact during the melting process, along with an enhancement in the heat transfer rate. 

There are mainly three methodologies by which organic PCMs are encapsulated, namely 

microencapsulation, macroencapsulation and shape-stabilized/form-stable composite 

preparation [22]. A brief discussion of the different technologies is included in the next 

subsections.  
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1.4.1 Encapsulation technologies 

1.4.1.1 Microencapsulation of PCM  

Microencapsulation refers to the method in which each tiny particle of the PCM is encapsulated 

with a coating material. The size of microencapsulated PCM varies between μm to mm [23]. 

A microcapsule of PCM consists of two main components: the core PCM and the polymer or 

inorganic shell protecting the core, as shown in Fig. 1.4.  

 

Fig. 1.4 Microencapsulated PCM [23] 

Although physical, chemical and physicochemical processes are mostly involved in making 

microencapsulated PCM, the chemical methods are widely used. The chemical processes are 

in-situ polymerization, interfacial polymerization, suspension polymerization, and emulsion 

polymerization. In-situ polymerization is the most efficient method for microencapsulation of 

organic PCM [30]. This method is beneficial in achieving heat transfer rate, preventing leakage, 

and improving thermal-mechanical performance. However, the complex and costly fabrication 

process is one of the drawbacks associated with this technology [27].  

 

Performance Indicators 

Encapsulation Ratio (ER): This parameter indicates the effective performance of PCM inside 

the shell material. The encapsulation ratio is defined as per Eq. 1.2 [30]. 

100
,

,







PCMm

mPCMm

H

H
ER  (1.2) 

where mH is the latent heat of fusion, and mPCM  represents the micro-encapsulated PCM. 

For a higher latent heat of fusion, a higher encapsulation ratio is desirable in micro-

encapsulated PCM, allowing more core material to be entrapped within the microcapsule. 
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Encapsulation Efficiency (EE): Encapsulation efficiency measures how effectively core 

PCM has been encapsulated during the encapsulation process, relative to the theoretical 

maximum. The mathematical expression for encapsulation efficiency is given by Eq. 1.3 [30].  

PCMsPCMm

mPCMsmPCMm

HH

HH
EE

,,

,,




  (1.3) 

where sH is the latent heat of solidification. Higher indicates that the microencapsulation 

process is efficient in entrapping a higher proportion of core PCM.   

 

1.4.1.2 Macroencapsulation of PCM 

 

Fig. 1.5 Microencapsulated PCM [23] 

This is the most popular method of encapsulation of PCM, as the process is easier and cheaper 

than the other two available technologies. In contrast to the microencapsulation process, bulk 

PCM is encapsulated within a container in this method [31]. Vacuum impregnation and 

autoclave methods are mostly used for the fabrication of this type of PCM. The containers may 

be in the form of bags, cylinders, panels, plates, tubes, capsules and slabs made of metal and 

plastic, as shown in Fig.1.5. The size of the containers is usually greater than 1 cm. 

Macroencapsulated PCM can be easily transported and directly incorporated into practical 

applications because of its easier handling. The thermal conductivity of the shell material plays 

a crucial role in the heat transfer of macro-encapsulated PCM. Also, the shape of the container 

affects the rate of melting and solidification in the case of macroencapsulated PCM [32].  
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1.4.1.3 Form-stable/shape-stabilized composite PCM 

In this technology, a composite PCM is formed by mixing the parent PCM within a supporting 

porous matrix. The porous matrix encapsulates the liquid PCM during the melting process, and 

thus, leakage is completely prevented through this method [33]. Normally, the interaction 

between the matrix and the PCM is physical in nature; therefore, the properties of the parent 

PCM are not affected by this improvisation method. Shape-stabilized PCM are usually 

fabricated through two methods: two-step impregnation and one-step in situ synthesis 

technique, as shown in Fig.1.6. The two-step impregnation is the primarily used method, 

involves encapsulating liquid PCMs within the pores of a pre-synthesized support structure. 

On the contrary, the one-step technique impregnates the PCM into the structure simultaneously 

with the formation of the porous support, which consists of an interconnected network [23]. 

 

Fig. 1.6 Preparation method of shape-stabilized PCM [23] 

The fundamental principle of form-stable PCM formation is the physical confinement of PCM 

within a porous supporting matrix through capillary action and surface tension force. The 

capillary force originates from the surface tension between the melted PCM and the walls of 

the pore structure [34]. For a PCM with density and surface tension s , the capillary height 

cH  inside a pore radius pR  of the porous matrix is given by Eq. 1.4. These capillary and 

surface tension interactions prevent the PCM from leaking out during melting, ensuring that 

the composite remains shape-stable throughout thermal cycling. 
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Here, c  is the contact angle made by the liquid melted PCM with the surface of microspores 

of the supporting matrix, which is highly influenced by the wettability property of the PCM. A 

lower contact angle indicates good wettability, ensuring stronger adhesion between the liquid 

PCM and the supporting matrix.  

Among various chemical deposition techniques, such as sol–gel, vacuum impregnation, melt 

blending, and in-situ polymerization, vacuum impregnation has proven to be the most effective 

method for developing form-stable composite PCM [22]. By selecting an appropriate 

supporting matrix, the thermal conductivity can also be enhanced by this method. Selecting the 

most efficient supporting matrix is the most critical step in this method. Common matrix 

materials include porous polymers, expanded graphite, silica, carbon nanotubes, metal foams, 

and fibrous composites [27].  

 

1.5 PCM for building thermal management 

Many innovative technologies have been adopted over the years for the integration of PCM for 

the heating and cooling of buildings. The broad classification can be categorized into two 

systems - active and passive [35]. In the active method, the involvement of a heat pump, heat 

pipe, ventilation system and PV system is noticed where the external power source is utilized, 

and thermal energy generated is stored via PCM. Passive methods involve incorporating PCM 

directly onto the construction material, such as cement and mortar. Some other method involves 

the amalgamation of PCM panels to already available building parts like windows, walls and 

façades [36].   

1.5.1 Active methods 

The active system involves the use of electricity to run various mechanical and electrical 

components to achieve building thermal comfort requirements. The use of a heat pump and 

boiler for the HVAC system is a common technology used for building comfort. This type of 

system can be relied on both during sunshine and off-sunshine hours. An active system can 

ensure the complete cycle of PCM charging and discharging. Otherwise, the melting and 

freezing completely depend on the outdoor temperature. 
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Fig. 1.7 Schematic of a typical active PCM storage tank for building 

An efficient heat exchanger system with two PCM storage tanks is a commonly used active 

thermal energy storage for buildings. The active storage facility is further subdivided into two 

parts, namely, direct and indirect types. In the case of the direct type active system, the storage 

media acts as a heat transfer fluid, and for the indirect type, a secondary fluid is circulated 

through the storage tank for exchanging heat. The various integration methods include 

integration in the ceiling, floor, wall, suspended ceilings, ventilation system, external solar 

façade, and solar collectors (solar PV and solar PV/T) [36]. In most of the active TES with 

buildings, water has been utilized as heat transfer fluid. Fig.1.7 represents a simple 

configuration of the active system with PCM storage and a solar collector used for building 

heating. 

1.5.2 Passive methods 

Effective passive cooling techniques include the use of materials with low thermal conductivity 

and advanced properties, employing reflective surfaces and shading strategies, and utilizing 

sustainable, locally available materials along with low-energy-consuming technologies [37]. 

The passive building focuses on local climatic conditions, building orientation, the site of the 

building and building materials. This is the most preferred option as the strategy requires no 

power input. Numerous innovative building envelope materials have been studied over the past 

few periods for efficient thermal management. Insulating materials like aerogels, vacuum-

insulated panels, foam, mineral wool and fiberglass can provide thermal regulation inside a 

building [38]. Although insulation material blocks the heat flow across the building envelope, 

it has little effect on thermal energy storage. In this case, PCM is the best alternative, which 

can control heat flow by storing excess thermal energy and redistributing the same. Overall, 

PCMs integrated into building elements can regulate heat transfer, enhance energy efficiency, 

and reduce indoor temperature [39].  
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Fig. 1.8 Passive application of PCM in buildings [40] 

Passive methods involve incorporating PCM directly onto the construction material, such as 

cement and mortar, and fabricating the construction with the manufactured material. Some 

other methods involve the amalgamation of PCM panels with already available building parts 

like windows, walls, and façades, ceiling, roof, and floor, as shown in Fig 1.8 The passive 

methods are also termed free cooling and heating, as the PCM solidifies during the nighttime 

when the temperature drops and absorb the heat during the daytime, providing cooling inside 

the building [41].  

1.6 Objectives of the present work 

The primary aim of the project is to develop novel biocomposite phase change materials for 

passive design interventions in rural households for thermal management.   

The objectives of the present study are listed below.  

1) Development of biocomposite phase change material for thermal, chemical, and 

mechanical stability and its characterization 

2) Development of biocomposite phase change materials-filled bricks for optimum thermal 

management 

3) To analyse the thermal performance of biocomposite phase change material-filled brick 

walls for a hot and humid climate 

4) Techno-economic analysis and life cycle assessment of the developed biocomposite 

phase change material for enhancing energy efficiency in real buildings 
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1.7  Organization of thesis 

This thesis deals with the development of biocomposite PCM for passive design interventions 

in rural households. The entire thesis has been outlined in six chapters. Chapter 1 presents the 

motivation, fundamentals of PCM, and their usage in buildings, along with the objectives and 

outline of the thesis. In Chapter 2, an extensive literature review has been presented on the area 

of encapsulation technologies for PCM and its integration technologies in buildings. At the end 

of the chapter, a summary of the literature review, research gaps and objectives of the thesis 

are outlined. The development of biocomposite PCM, complete characterization and thermal 

cycling stability of the developed materials have been presented in the Chapter 3. Chapter 4 

provides the details of the methods of embedding biocomposite PCM in bricks, and the 

discussion on the thermal performance tests and PCM-incorporated experimental cubicle is 

also included. The techno-economic analysis using EnergyPlus software, along with the life 

cycle analysis (LCA) of the whole building incorporating biocomposite PCM, is presented in 

Chapter 5. The significant findings of the thesis and the scope of the future research are 

summarized in Chapter 6.  

 

1.8 Summary of the chapter 

The present chapter discusses the need and motivation for the study. The introductory basic 

concepts are highlighted in the chapter, forming the foundation for all discussions presented in 

the subsequent chapters. The objectives of the current work, along with the outline of the thesis, 

are mentioned in this chapter. The detailed methodology to execute the formulated objectives 

is presented in the next chapter.
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2.1 Introduction 

The thermal comfort provided with optimized energy consumption is the aim of all energy 

scientists around the globe. Effective measures should be adopted to create a desired thermal 

environment inside a building for long-term energy savings, as mentioned in the previous 

chapter. Different mechanisms have been evaluated, which include building-integrated solar 

photovoltaic (BIPV) systems, heat pump integration, radiant floor, and passive design of 

building architecture. The passive design of buildings refers to all energy-efficient and 

environment-friendly approaches where building design and materials are selected considering 

the local climatic conditions. The demand for mechanical systems to ensure thermal comfort 

can be significantly reduced by a well-designed building envelope, lowering the environmental 

effect. In such circumstances, the application of PCM helps to increase the thermal mass of 

buildings, thereby reducing temperature fluctuation. PCMs have a high capacity for heat 

absorption during the melting phase (from solid to liquid), and they also have a high capacity 

for heat release during the solidification phase (from liquid to solid). The great energy storage 

capacity of PCMs and their capacity to maintain thermal storage at a steady temperature make 

their use appealing for a variety of building applications. The selection of appropriate PCM 

depends on the thermo-physical, kinetic, chemical, economic, and environmental properties, 

and also the local weather conditions. The most essential thermophysical property involves the 

melting temperature range, the heat of fusion and thermal conductivity. An inappropriate 

melting temperature can create difficulties in regulating night time temperatures, and 

inefficient use during extreme seasons [42]. Out of the three main categories of PCMs, organic 

PCMs are primarily hydrocarbon-based, comprising long-chain macromolecules rich in carbon 

and hydrogen, and are the most preferred option in building thermal applications. Organic PCM 

is less costly, thermally stable with zero supercooling and high heat of fusion, non-corrosive, 

chemically stable, non-toxic, compatible with building materials, and readily available [43]. 

Cavity formation in organic PCM during the heat exchange process causes a problem as it 

increases the thermal resistance. Moreover, the formation of the cavity pushes the mass of PCM 

surrounding it and causes volumetric expansion, which finally results in leakage of PCM. The 

low heat conductivity and the problem of liquid leakage during phase transitions have become 

the two significant shortcomings while using organic PCM in buildings [44]. This chapter 

provides an extensive description of the various technologies available for PCM encapsulation, 

along with their applications in different parts of a building. The chapter also presents a 

summary of the literature review and scope of research. 
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2.2 Form-stable PCM 

To overcome the issues related to low thermal conductivity and leakage during the melting of 

organic PCM, form-stable PCM has been developed and has received much focus over the 

parent PCM  [45–47]. The form stability is achieved through incorporating PCM into some 

porous matrix or providing microencapsulation and macroencapsulation. 

Shape stabilization of PCM refers to the process where liquid PCM leakage has been prohibited 

after reaching the melting point of the PCM. The shape stabilized PCM remains in solid state 

during both melted and solidified conditions. According to a study, there are four primary 

binding forces through which form stabilization has been achieved: covalent bonding 

encapsulation force, physical adsorption via capillary, hydrogen bonding and van der Waals 

force. Physical adsorption, being the most simple and low cost technology is the widely used 

process for shape stabilization [48]. When liquid PCM is mixed in a porous structure having 

numerous tiny holes, the liquid PCM rises through capillary action against gravity. After that, 

the surface tension force between the PCM and the supporting material helps in retaining the 

PCM within the pores [48]. Here, the main characteristics of the supporting material are the 

wettability, which means the PCM should be able to wet the surface of the supporting matrix 

[49]. Also, the supporting matrix should sustain the temperature of the intended operation. The 

immersion of liquid PCM on porous supporting matrix can be done either in a vacuum or in 

atmospheric pressure conditions through the impregnation method [50]. Impregnation method 

is the process of submerging the supporting media into a fluid material carrying active 

substances [48]. The most commonly used supporting matrices are carbonaceous porous 

material (traditional carbon material and biochar), minerals and their derivatives (e.g. perlite, 

diatomite, kaolin, etc.), and polymers [50]. Wan et al. [51] manufactured one form-stable PCM 

by using pinecone biochar as a supporting matrix for palmitic acid (PCM), as shown in Fig.2.1. 

They conducted various characterization tests and concluded that palmitic acid was bonded 

with biochar due to capillary force and surface tension. No chemical reactions happened 

between the two materials, and so the chemical properties have not changed from the original 

PCM. According to their study, the composite with a mass ratio of 6:4 (palmitic acid: pinecone 

biochar) showed the best stability. The thermal conductivity of the composite material was 

increased by 43.76% to pure palmitic. Wen et al. [52] prepared and studied the thermal 

properties of a form-stable composite from fatty acid (capric-lauric acid/ diatomite). The 

composite was made by the vacuum impregnation method. To increase the thermal 

conductivity, they further added expanded graphite to the composite. They concluded that 
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capric-lauric acid was absorbed by the diatomite holes very effectively without any chemical 

bonds between the two. They conducted a thermal cycling test and found that the composite 

has good thermal and chemical stability over 200 cycles of heating and freezing. The addition 

of expanded graphite increased the thermal conductivity, and 10 wt.% was the most optimized 

one.  

 

Fig. 2.1 Form stable material preparation method via vacuum impregnation method [51] 

Li et al. [53] prepared a composite material for thermal energy storage with polyethylene glycol 

and ZSM-5. The mesoporous ZSM-5 was taken as a supporting material, and the vacuum 

impregnation method was employed. The thermal conductivity was increased by 200% than 

the pure polyethylene glycol. Exudation stability test results showed that the doping of PEG 

could reach up to 50 wt% without any leakage when the composite was undergoing the melting 

process. Liang et al. [54] fabricated a noble PCM using fatty acid and wood flour via the direct 

impregnation method. Scanning electron microscopy (SEM) images showed that the porous 

spaces of wood flour are occupied by the fatty acid without leakage. The prepared composite 

material has high latent heat and a suitable phase change temperature.   

Nanomaterials are also used as a supporting matrix for the shape stabilization of PCM. PCM 

is entrapped in nano-structured materials in three different ways: longitudinal 1D, interfacial 

2D, and porous 3D network [55]. The 1D confinement involves electrospinning of the organic 

PCM into nano-fibres. 2D confinement happens through interfacial interaction, and for a 3D 

structure, PCM is confined in the porous matrix through the vacuum impregnation method. 

TH-4107_206154005



 

Literature Review 

Page | 20 

 

Sari et al.[56] designed one diatomite- carbon nanotubes and polyethylene glycol (PEG) 

composite for thermal energy storage. Raw diatomite (RD) and CNT pre-composite were 

made, and the final composite was made by the vacuum impregnation method. The shape-

stabilized composite PCMs successfully confined polyethylene glycol (PEG) without melt 

leakage, achieving PEG loadings of 42.8, 44.5, and 51.7 wt.% with the incorporation of 0.57, 

1.70, and 2.50 wt.% CNTs, respectively. In contrast, PEG absorption in raw diatomite was 

limited to 41.0 wt.%. The composite had a melting temperature of 7-8o C, latent heat of 51.4-

62.9 J/g and thermal conductivity increment up to 93% compared to RD/PEG composite. Metal 

organic framework (MOF) is another class of emerging supporting matrix that incorporates 

both organic and inorganic PCM. The suitable properties of MOF as a supporting matrix are 

ultra-high porosity, higher surface area, and chemical and thermal stability. The main 

interesting fact of MOF is the adjustable surface properties according to the need, so that the 

required level of thermal properties of the composite PCM can be achieved [48].  Atinafu et 

al.[57] synthesized shape stabilized PCM using porous nitrogen-doped carbon from the MOF. 

They reported an improvement of 52% in thermal conductivity and 85% in thermal storage 

capability with the doped PCMs than the undoped PCM.  

 

Fig. 2.2 Diatomite-vermiculite form-stable PCM [58] 

Form-stable PCM is used in building envelopes mainly as a construction material mixed with 

cement or mortar, or as a layer in building walls, roofs and ceilings, etc. Hattan et al.[59] 

prepared cement mortar plaster using shape stabilized PCM (PEG 600 with silica fume). 

Though the prepared plaster proved well for maintaining thermal stability inside the test room, 

the mechanical strength, density and water absorption capacity of the mortar significantly 

reduced. Karaipekli et al.[60] developed one plaster material by combining pumice, organic 

PCM and gypsum. The developed PCM-plaster was able to keep the thermal comfort by 

constantly keeping the indoor temperature at comfort level (20.98 – 23.27o C) over 3000 cycles. 
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Shi et al.[61] used Vermiculite diatomite as a supporting matrix for paraffin and mixed with 

cement to form a lightweight mortar. They concluded that the mortar could reduce temperature 

fluctuation up to 3.6oC, but an additional air conditioning system was required for summertime. 

Hekimoglu et al.[62] prepared cementitious composite made up of silica fume/ capric acid- 

stearic acid, and replaced with normal cementitious mortar. The maximum temperature 

difference with ordinary cement mortar was found to be 2.48oC and 1.71oC for the heating and 

cooling stage, respectively. Another work was done by Costa et al.[58] to enhance the thermal 

performance of cementitious mortar by adding form stable diatomite vermiculite paraffin, as 

shown in Fig.2.2. The new PCM maintained a service temperature of 40oC. Hekimoglu et 

al.[63] studied the thermal management properties of a special kind of cement mortar 

containing fly ash, lauric acid, and myristic acid. Along with satisfactory thermal properties, 

the composite was strong in terms of mechanical stability, as 28-day compressive and flexural 

strength were found to be 28.94 MPa and 3.52 MPa, respectively.  

It can be inferred from the above section that the shape stability provides an improvement in 

the thermal performance of organic PCM, which leads to a faster heat transfer rate while used 

in building envelopes. Most of the supporting matrix used for encapsulation is derived from 

some synthetic materials like carbon nanotubes, polyethylene glycol and polyethylene etc. The 

most desirable property of the supporting matrix is its porous nature to encapsulate the melted 

PCM. The biochar generated through pyrolysis is known for its high porosity and superior 

surface area. Although some works have been published in this particular area, a more focused 

study is required for the replacement of synthetic materials with highly porous biochar derived 

from abundantly available biomass for the development of bio-based energy storage material.  

2.2.1 Bio-based PCM 

In terms of environmental sustainability, most of the organic PCMs are preferred over 

inorganic PCMs. But, paraffin, which is the mostly used organic PCM for construction, is 

derived from petroleum sources, which are non-renewable and non-biodegradable in nature. 

Therefore, a new category of organic PCMs has been identified, known as bio-PCM, sourced 

from renewable biological sources like animal fat, vegetable oil (palm oil, coconut oil, kernel 

oil), biomass, plant extracts and agricultural wastes[64]. Bio-PCM is advantageous because of 

the properties like bio-degradability, low embodied carbon, environment-friendly, low 

flammability and non-toxicity[65]. The use of natural supporting medium for making shape-

stabilized composite PCM can be treated as another category of bio PCM [17]. Palm Kernel 

vegetable oil was also used for preparing composite bio-PCM. The melting temperature and 
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heat of fusion of the hydrogenated Palm Kernel vegetable fat was 26.53oC and 74.35 J/g, 

respectively. The supporting matrix for composite preparation was also derived from natural 

resources (natural clay and cellulose fibres). The natural supporting matrix could retain 53% 

of vegetable fat without leakage. The melting temperature and heat of fusion after composite 

formation were found to be 27.33 °C and 40.27 J/g, respectively [34].  

Organic PCM impregnated with lignocellulosic materials, such as wood and wood derivatives, 

is a widely used bio-PCM in buildings [66]. Lignocellulose materials offer renewability, 

lightness, and porosity, enhancing thermal inertia when combined with PCMs. However, their 

susceptibility to biodegradation and flammability poses key challenges for building 

applications [66]. The widely used lignocellulosic biomass is waste crop, agricultural waste, 

waste plant peel, forestry resources, pristine wood, invasive weeds, etc. Palanti et al. [67] 

investigated the resistance to bio deterioration when solid Scots pine wood was impregnated 

with fatty acid-based bio PCMs. The study concluded three significant findings, which imply 

that wood impregnated with bio PCM could improve durability against termites. Also, the 

material inhibited the survival of Hylotrupes bajulus larvae more effectively than conventional 

wooden building materials, thus extending the service life. Li et al. [68] made a composite 

PCM out of coconut oil and poplar wood fibre to apply to building envelopes. Wood fibres, 

mostly composed of cellulose (40-50%), possess a large number of hydroxyl groups. Therefore, 

the wood fibre tends to form intramolecular or intermolecular hydrogen bonds, resulting in a 

hydrophilic nature and ultimately promoting mould growth. The authors therefore treated the 

wood fibre with acetic anhydride. Acetic anhydride reacted with the hydroxyl group to form 

hydrophobic esters, thus preparing the wood fibre ready for use as a construction material. The 

coconut oil- acetylated wood fibre was mixed with Hexagonal boron nitride to enhance the 

thermal conductivity. When experimented under artificial climatic chamber on a small sample, 

the authors reported a reduction in peak temperature (1.88oC) and a delay in peak time (112 

min) between the ends of the sample. Linoleic acid and coconut oil were mixed in the ratio of 

80:20 and impregnated in both Scots pine softwood and beech hardwood. These two types of 

wood are extensively used for building construction in European countries. The authors 

concluded that bio PCM impregnation in wood by a combination of vacuum and pressure was 

successful with a leakage percentage of 8% and 9% for beech and pine wood, respectively. 

When used in buildings, the wood material served only as a sensible heat storage medium, but 

bio PCM impregnation enhanced the heat capacity of the material by around 3 J/g/K [69].  
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Fig. 2.3 Steps of biochar-PCM composite preparation [46] 

Porous carbon is a promising supporting matrix because of its properties like affordability, non-

toxicity and highly adsorbent properties. Biomass-based PCM offers numerous advantages, 

such as structural diversity, which includes layered, fibrous, globular, and 3D structures, and 

is also excellent for heat transfer due to the carbon network [48]. Among different biomass-

based matrices, porous carbon material, known as biochar, is an excellent material for its high 

porosity, cross-linked 3D structure, and high thermal conductivity, strong corrosion resistance.  

As the biochar is mesoporous in nature, the confinement of PCM is better than micro- or macro-

porous supporting materials. The conversion of biomass to biochar often involves two steps: 

carbonization of biomass and activation of the produced biochar. Carbonization of 

lignocellulosic biomass is achieved either by the pyrolysis process or the hydrothermal 

conversion. To further enhance the surface properties, activation of the produced biochar is 

performed through physical activation, chemical activation or a combination of both [70]. Jeon 

et al. [71] prepared bio-PCM by mixing rice husk biochar with four different types of bio-

PCM, namely, coconut oil, palm oil, palm wax, and soy wax. The highest latent heat of fusion 

was observed with ricehusk biochar and soy wax mixture, and the value was 83.91 J/g. But, 

the thermal conductivity value for all the bio-composite PCM was lower than that of the pure 

PCM, due to the low thermal conductivity of rice husk biochar (thermal conductivity: 0.006 

W/mK). Biochar derived from waste material has also been used by researchers to form 

composite PCM, as shown in Fig.2.3. In one study, a cost-effective biochar-PCM composite 

using biochar derived from invasive aquatic weeds through batch pyrolysis has been discussed. 

Results show that a 6:4 (wt./wt.%) PCM-to-biochar ratio provides optimal performance with 

minimal leakage and strong form stability. The porous, carbon-rich structure of biochar also 
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significantly enhances material properties, improving thermal conductivity by up to 13.82 

times compared to pure PCM [46]. 

Although the use of bio-PCM satisfies the environmental concerns, the commercialization of 

such products on the mass-scale basis is a big challenge to be addressed. However, considering 

environmental priorities and the potential to boost the rural economy, bio-based PCM should 

be developed and commercialised.   

2.3 Thermal cycling stability of PCM 

It is expected that composite PCMs formed by the effective incorporation of PCM into a porous 

skeleton will give a chemically compatible and thermally stable material.  However, the 

stability and reliability of the selected PCM are very critical issues that must be verified before 

being applied to the building envelope. The external envelope of a building structure is 

subjected to continuous changes in environmental factors, including temperature fluctuation, 

day-night heating and cooling effect, rain and wind, etc. As PCM undergoes a phase change 

process in each charging and discharging cycle, the properties of PCM may be affected. The 

cycling stability of PCM is the sustaining of thermal, chemical and physical properties after 

repeated numbers of melting and freezing cycles [72]. The thermophysical properties of PCM 

should be intact for long-term use in buildings. The thermal cycling test is a method where 

simultaneous heating and cooling are externally provided to simulate outdoor conditions. No 

standard methods for thermal cycling tests have been published till now. It is observed from 

the literature that Differential Scanning Calorimetry (DSC) is the mostly used analytical 

method for the analysis of the thermal properties of PCM after the completion of external 

thermal cycling tests. For performing the thermal cycling experiments, different equipment, 

including a thermal cycling chamber, thermostatic chamber, thermal bath, oven and electric 

hot plate, etc., is employed. The heating and cooling of the PCM in the thermal cycling 

experiment primarily followed the pyramid method, where the PCM is subjected to 

simultaneous heating and cooling without any isothermal stage in between heating and cooling 

[72]. Trisnadewi et al.[73] experimented with the thermal stability of palm wax, soy wax and 

paraffin wax for up to 5000 thermal cycles using the thermoelectric heating and cooling device. 

The authors got degraded values of melting point, freezing point, and heat of fusion for all the 

waxes and the highest 60% reduction of latent heat of solidification for soy wax was found 

after 5000 cycles. Shukla et al.[74] conducted thermal cycling tests of a few inorganic and 

organic materials. They recommended that no inorganic material is suitable for thermal storage 

applications as the properties are deviated after cycling. Paraffin wax was found to be the most 
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stable PCM in terms of melting temperature and latent heat of fusion. Saravanakumar et al. 

[75] tested the effect of 100 thermal cycles on the thermal properties of nano-silica-based PCM. 

The PCM with 1% nano-silica showed a minimum reduction in terms of melting and freezing 

points, whereas the plain PCM showed a reduction of 0.87% after 100 thermal cycles. 

Gowthami et al. [76] conducted tests on two form-stable PCMs over 500 thermal cycles. The 

first PCM consisted of date seed biochar, palmitic acid, and polyethylene glycol, while the 

second PCM included the same components but used chemically activated date seed biochar. 

Their results revealed a 3% reduction in latent heat for both PCMs after the thermal cycles, 

while the melting and freezing temperatures remained unchanged. In another study, 1000 

accelerated thermal cycles were performed to form a stable PCM made out of stearyl alcohol 

with graphitic carbon nitride. The authors demonstrated excellent thermal stability, with 

negligible variations of 0.1 °C and 0.62 °C in the melting and freezing temperatures, 

respectively, and changes of only 1% and 0.53% in latent heat after repeated thermal cycling 

[77]. A similar study was conducted by Gupta et al. [78], where they used copper foam as a 

supporting matrix for the eutectic mixture of Lauric and Myristic Acid. The PCM composites 

with 35% Boron Nitride and 35% Graphite demonstrated excellent thermal reliability with no 

significant changes in thermal energy storage parameters after 100 and 500 thermal cycles. 

Although some research has been published on thermal cycling, it appears that there is a need 

for further research into the reliability of different kinds of PCM in terms of physical, chemical 

and thermal properties. Also, the thermal cycling stability of used PCM on building envelopes 

after years of experiencing diurnal temperature change has not been studied to date. In this 

regard, establishing standard test methods will be essential. 

2.4 PCM for building thermal management 

As mentioned earlier, PCMs offer a reliable means of thermal management in buildings by 

absorbing, storing, and releasing heat as temperatures fluctuate. Fig.2.4 illustrates the 

efficiency of PCM over other commonly used construction materials for passive cooling in 

buildings.  It is evident from Fig.2.4 (a) that for the same thermal mass of the building 

materials, the thickness that PCM requires is significantly thinner, which saves the construction 

material cost.  Also, as shown in Fig.2.4 (b), PCM exhibits the highest thermal energy storage 

capacity compared to conventional construction materials, making it effective for enhancing 

the thermal performance of building envelopes [79].  
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Fig. 2.4 (a) Variation of thermal mass according to the thickness of construction 

materials[80] (b) Energy storage capacity of different materials [81] 

PCMs are integrated directly into building structures through methods like direct incorporation, 

impregnation of PCM through immersion and imbibing, direct immersion, microencapsulation, 

macroencapsulation, and shape-stabilization. Direct incorporation involves mixing PCM into 

construction materials, offering economic advantages despite potential issues like leakage and 

altered mechanical properties. Direct immersion utilizes construction materials with specific 

properties, dipping them into a liquid PCM bath. Although direct incorporation involves a 

simple and less expensive procedure, leakage of PCM can be a major challenge in this type of 

construction [82]. Microencapsulation involves incorporating PCMs into construction 

materials. Microencapsulation, preferred for large-scale applications, overcomes leakage 

problems and enhances thermal cycling but requires non-corrosive and thermally conductive 

encapsulation. Macroencapsulation is the most widely used methodology for PCM 

incorporation in buildings, but it results in a low heat transfer rate due to the reduction in the 

surface-to-volume ratio [82]. Shape-stabilized PCM, formed by cooling liquid PCM mixed 

with a porous supporting material, provides leakage-free solutions [83,84]. Shape stabilisation 

gives a higher heat transfer rate and a reduction of material cost as compared to 

macroencapsulation technology [82]. In the subsequent sections, different experimental and 

numerical works are discussed briefly, where PCM application results in successful thermal 

management of buildings.  

Wang et al. [85] investigated the impact of employing PCM in a full-scale room throughout 

the year for Shanghai, China. Portland cement, yellow sand, and shape-stabilized PCMs were 

used to make bricks which had respective mass ratios of 37.5%, 22.5%,40%, respectively. The 

bricks were applied on the external wall of the full-scale room and tested for three seasons, i.e., 
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summer, mid-season and winter. For the summer season, a maximum temperature reduction of 

0.2oC was found accompanied by a delay period of 1-2 hour and, a reduction of 24.32% cooling 

load. Rathore et al. [86] developed two cubicles with dimensions of (1.12×1.12×1.12) m3, one 

with PCM (OM37) encapsulated and the other one without PCM. Microencapsulated PCM was 

integrated into the walls and roofs. The material used for making micro-capsules of PCM is 

aluminium alloy 8011 of 0.5mm thickness, 16.7mm diameter, and 900mm length. The 

experimental cubicle with micro-PCM has achieved a peak temperature and cooling load 

reduction of 59.79% and 38.76%, respectively. Nghana et al.[87] performed a study with bio 

PCM on a building and compared the results with a reference building. In the experimental 

study, both buildings were located side by side and monitored for the month of September.  For 

the period of testing, it was found that the bio PCM decreased the peak indoor air temperature 

by up to 0.6°C.  In conclusion, it was found that with PCM, the interior wall surface 

temperatures were lower, thereby reducing the potential for heat loss across the exterior wall 

by 63%. Yasiri et al. [88] experimentally evaluated PCM (macroencapsulated paraffin wax) 

integrated walls and roofs under non-ventilated conditions in summer hot days, as shown in 

Fig.2.5 (a). PCM-integrated building envelopes have demonstrated indoor temperature 

stabilization (Fig.2.5 (b)), achieving an average temperature reduction of up to 2°C and a heat 

gain reduction of 56 W.  

 

(a) (b) 

Fig. 2.5 (a) Test rooms,(b) Indoor temperature profile [88]  

Marani et al.[89] performed a parametric study on macroencapsulated PCM with concrete 

panels in three different climatic conditions and reported an interior surface temperature 

reduction up to 5.4oC. Shahcheraghian et al.[90] used hydrated salt for building an exterior 

wall to improve the indoor temperature stability of a 1 m3 cubicle. The PCM enhanced cubicle 

showed reductions of 1.5 °C in average temperature and 2.3 °C in peak indoor temperature 
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during summer conditions. Additionally, the heat gain was reduced by 44% when PCM was 

installed on the eastern wall. In another experimental study, Yasiri et al. [91]  built a cubicle 

similar to the one previously described and compared its hourly temperature profiles and heat 

gain with an identical non-conditioned cubicle. The PCM-integrated cubicle showed 

significant improvements in indoor temperature reduction (approximately 4°C) compared to 

the reference cubicle. PCM performance varied with wall orientation, and the highest 

effectiveness was shown for east-facing walls and the roof during morning hours, while west-

facing walls were most effective in the afternoon. 

Given that retrofitting full-scale buildings with PCMs and assessing their energy performance 

is often economically challenging, numerical simulations provide a reliable framework for 

performance assessment. Numerous studies have been published utilising simulation software 

such as EnergyPlus, TRNSYS, Autodesk Insight, eQUEST, OpenStudio, and DesignBuilder.  

The complexity of the study of heat transfer of PCM-incorporated buildings is more than that 

of conventional buildings. The envelopes of conventional buildings are made up of materials 

with constant properties, but the addition of PCM results in dynamic heat storage and release, 

along with phase transition. The melting and solidification result in non-linear heat transfer 

involving moving boundaries. At the same time, modelling the building with PCM, the building 

element is treated as a one-dimensional unsteady convective heat transfer system without 

internal heat generation to describe the PCM thermal behaviour [92]. The 1D transient heat 

conduction equation is represented in Eq. 2.1, which is modified as Eq. 2.2 to accommodate 

the phase transition behaviour of PCM. f is the melting fraction, in Eq. 2.2, which varies from 

0 to 1 as per the Eq. 2.3 [92].  
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where T  , mH ,  , t , and represent temperature  Co
, latent heat of fusion  gJ , thermal 

diffusivity sm2
, time  s , and element thickness  mm , respectively. The subscripts s and l 

represent the solid and liquid phases of PCM.   

Arumugam et al.[92] modelled an office building in five different climatic conditions of India 

to theoretically determine the optimal position for the PCM layer for reducing cooling demand 

using DesignBuilder software. The authors stated that PCM on the outer surface of the wall, 

irrespective of the location, yielded a comfortable indoor environment, along with a reduction 

in cooling demand. A maximum cooling load reduction of 64% was reported for the summer 

conditions of Bangalore city. Application of PCM on the roof and walls of a building resulted 

in reduced summer heat gains by 12.6%–36.2%, and 10.4%–26.6%, respectively, for a 

residential building in Delhi. It has been observed that the thermal performance was 

independent of the melting temperature of PCM, but the enhancement in the latent heat of 

fusion led to an increase in the overall heat gain. Integrating PCM in buildings could reduce 

city-wide electricity demand by 80–224 GWh and lower CO2 emissions by 66–184 kt annually 

[92]. Rai [93] conducted a simulation study analyzing the thermal performance of various one-

dimensional wall configurations incorporating PCMs and insulation under 16 outdoor sol-air 

temperature profiles using EnergyPlus software. The study showed that PCM integration in 

insulated walls did not reduce total daily cooling loads, but helped manage peak loads by 

flattening hourly heat gain fluctuations. Optimal performance was achieved when the PCM 

was placed on the inner side, shielded from outdoor heat, with a melting point near the indoor 

set temperature.  

The above literature analysis indicates that experimental investigations have mainly focused 

on temperature regulation and heat gain/ loss assessment rather than energy load calculations. 

Numerical study shows the potential of detailed energy analysis in a real-scale building after 

the implementation of a PCM layer. Additionally, the PCM integration through the building 

envelope is the predominant passive cooling strategy. Therefore, the following sections outline 

the available technologies for PCM integration into the building envelope and discuss their 

impacts in detail.  

2.5 PCM on building envelopes 

Enhancing the thermal mass of a building is achievable through modifications to the materials 

and design of its envelope, leading to reduced electricity consumption for space heating or 
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cooling. As the surface area of walls constitutes the major portion of any building envelope, 

there is considerable potential for enhancement in this specific domain. The R-value, which 

represents the thermal resistance of any building envelope, is a predominant factor that controls 

the heat flux of any building [94]. Enhancement of R-value by installing a layer on the external 

envelope is encouraged for a steady indoor thermal environment [95]. Different thermophysical 

properties, specifically thermal energy storage and thermal conductivity, are the major 

determining parameters of selecting materials for the alteration of properties of the building 

envelope [10,22]. The building wall is mostly modified by the integration of insulating 

materials like expanded polystyrene, mineral wool, perlite, Polystyrene, aerogel, or with PCMs 

[96,97]. PCMs integrated into building elements like walls, roofs, floors, ceilings, and windows 

can regulate heat transfer, enhance energy efficiency, and reduce energy consumption. In the 

following subsection, the integration of PCMs into building roofs, windows, and walls is 

discussed extensively. 

2.5.1 PCM on the roof and ceiling of buildings 

 

Fig. 2.6 Schematic view of the proposed models [98] 

The roof of any building receives more than 1000 W/m2 direct solar radiation in clear sky 

conditions. Out of all the received solar irradiation, 20-95% is absorbed by the roof materials, 

resulting in a higher temperature of the roof than the other walls of buildings [99]. Due to the 

higher temperature difference between the room and the roof, the application of PCM can 

reduce the high heat transfer from the roof to the room [100]. Many researchers around the 

globe have tried to develop numerous innovative designs related to PCM-incorporated rooftops 

of buildings [101–103].  
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Yasiri et al. [98] performed an extensive study on the optimum position of macroencapsulated 

PCM roofs under hot climatic conditions. Four models have been developed, as shown in Fig. 

2.6. The reference room (model A) consists of three layers, namely isogam, concrete and 

gypsum mortar. Models B, C and D represent additional layers of PCM at different positions. 

The experiments resulted in a maximum reduction of room temperature of 9oC by model B. 

Positions of PCM layers close to the interior were not recommended for non-conditioned 

buildings. Beemkumar et al. [104] experimentally controlled the temperature fluctuation by 

PCM on the roof and reported that the building peak temperature rise was reduced by 1-2oC. 

Pasupathy et al. [105] studied both numerically and experimentally the thermal management 

of buildings by incorporating PCM on the rooftop. They observed that the temperature is 

maintained constantly at 27oC for the month of January in Chennai, India. The failure to select 

an appropriate PCM layer thickness led to uneven temperature fluctuation in a day due to 

insufficient solidification and melting of PCM [106]. In another work, roofing materials were 

improvised by adding four different types of PCM by Mano et al. [107]. The maximum 

reduction compared to the reference sheet was obtained as 2.8% for the PCM with a melting 

temperature of 59oC when the outer roof was maintained at 50oC. Ceilings with PCM as an 

option for providing thermal comfort to retrofitting houses were investigated, and it was found 

that the number of hours of thermal discomfort was reduced by 34%. Improvements were 

recommended because the mentioned passive integration effectiveness was lower than that of 

the lab-scale experiments for a real building [108].  

Different theoretical analyses [109–111] have been done, and the experimental results have 

been validated by confirming the energy-saving potential of the modified roof with PCM 

layers.  Li et al.  [112] developed a mathematical model to compare the thermal performance 

of PCM-incorporated roofs with conventional roofs. The governing equation for the 3D 

unsteady energy equation for the non-PCM layer in the building roof is given by Eq. 2.4. 




























2

2

2

2

2

2

,
z

T

y

T

x

T
k

T
C iiPi


  (2.4) 

where T ,  , k  and are temperature  K , density, thermal conductivity and specific heat of the 

layer  i  of the roof, respectively. The energy equation for the PCM layer, as shown by Eq. 

2.5, was formulated based on the enthalpy porosity technique, where the mushy region of PCM 

was treated as a porous medium.  
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where H  is the enthalpy of the PCM layer j  which is determined by using the governing Eq. 

2.6, as a sum of sensible enthalpy and latent heat.  
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where refH   is the reference enthalpy at reference temperature refT . f  and mH  represented 

the liquid fraction and latent heat of PCM, respectively. 

The liquid fraction of the PCM layer is defined as per Eq.2.7. 
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where F  represents the fusion of PCM. 

In this model, the authors set the boundary conditions of heat transfer as per Eqs. 2.8 and 2.9, 

for the outer surface exposed to solar radiation and the inner surface near the indoor 

environment, respectively. 
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where outh , outT  and eqT  is the convective heat transfer coefficient of the exterior layer 

 KmW 2
, temperature of the exterior layer  K , and equivalent temperature  K , 

respectively.  is the surface emissivity.   is the Stefan–Boltzmann constant. skyT  is the sky 

temperature  K , which is approximately equal to  285aT . 

The equivalent temperature eqT  is expressed as Eq. 2.10.  
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where subscript co  and in  represented reinforced concrete of the roof and the indoor 

environment, respectively. inh , coT  and inT  is the convective heat transfer coefficient 

 KmW 2
, temperature of the inner surface layer  K , and indoor temperature  K , 

respectively. 

Yu et al.[113] performed a simulation study of the dynamic thermal performance of a ventilated 

roof with shape-stabilized PCM for Wuhan, China. Their results showed the optimum 

parameters as PCM melting temperature range of 35-38oC, thickness of 30-40 mm and 

ventilation rate of 2.4-2.5 m/sec. Bhamare et al.[114] developed a numerical model for roofing 

technology with PCM. They reported that the PCM layer with an inclination angle of 2 ° (Fig. 

2.7) to the roof material showed the best result in terms of thermal performance.  

 

Fig. 2.7 Schematic view of the proposed models [98] 

The thermal mass of roof materials increased with PCM integration and is thus capable of 

reducing the heat gain of the building by absorbing the heat of fusion during the melting process 

[115]. The suitable melting temperature for comfort, proper orientation, thickness, and position 

of the PCM layer are some of the important points to consider before integration. It is quite 

difficult to select a PCM that would be suitable for all weather conditions, so double layers of 

PCM were suggested [116]. 
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2.5.2 PCM on the windows/facade of a building 

Windows are crucial for a building's thermal behavior, affecting energy efficiency and indoor 

comfort by allowing heat gain and loss. Well-designed, insulated windows enhance energy 

performance and occupant well-being. PCM window systems can capture and regulate 

radiation, impacting indoor thermal behavior. The window-to-wall ratio significantly 

influences natural ventilation, solar radiation penetration, and heating/cooling loads, making 

windows a key element in building envelopes [117]. When PCM is integrated with a 

transparent window system, normally, NIR (near infrared) radiations are absorbed, and the 

visible lights are transmitted inside buildings. This phenomenon can be achieved because some 

PCM, for example, paraffin wax, possess high optical properties [118]. PCM can be integrated 

in windows in different ways, as shown in Fig.2.8, including window cavity between glazing 

pane, window blinds, and frames.  

 

Fig. 2.8 PCMs integration measures in windows [119] 

To decrease the cooling load of summer and to increase the thermal resistance of the window, 

a double-glazed window (17 mm thickness) was filled with paraffin wax of melting 

temperature of 41oC and was compared with a traditional single glass window (6 mm 

thickness). The authors reported that the maximum temperature reduction was 8oC on the 

ground floor compared to the traditional glass window. The window frame also needs attention 

to reduce energy consumption during the cooling season. This type of work was done by Jiang 

et al.[120] where they compared thermal performance results among single-panel glass and 
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three types of multilayer glass windows. Triple-pane glass with PCM frame gave the best 

results for their test climate in China. Li et al.[121] analyzed a novel laminated 

microencapsulated PCM blind system for a double skin façade to reduce overheating problems 

in warm seasons. The PCM blind was able to keep the temperature at that of the ambient in the 

summertime and performed better than the aluminium blind.  

The modification of the window is an effective retrofitting solution for rural areas in extremely 

cold seasonal areas because of its easy installation, low operating cost, flexibility of operation, 

and easy maintenance. Integrating PCMs within windows does not consume additional space 

within the building, making it a space-efficient solution compared to other options. On the 

other hand, the low surface area of windows, compared to larger surfaces like walls or ceilings, 

limits the overall heat storage capacity of PCM.  Also, the thermal comfort provided by the 

PCM window will largely depend on the wall-to-window ratio of a building, and only localized 

control of temperature may be achieved if the ratio is very high.   

2.5.3 PCM on walls 

In this section, three classifications of PCM integration on walls have been described 

separately. The first section discusses the PCM integration on inner walls, popularly known as 

wallboard or Gypsum board. The second section discusses PCM integration in concrete walls 

as an additional layer or within the construction material. The third section comprises the PCM 

integration techniques with bricks, which are later used for wall construction.  

2.5.3.1 PCM on Wallboard  

Diverse types of numerical and experimental analyses have been performed over the years on 

PCM wallboard performance for the thermal management of buildings [122,123]. Heat transfer 

in PCM-integrated wallboards is nonlinear, leading to a varied temperature distribution. A 

longer phase transition period can enhance thermal comfort as PCM changes phase within a 

narrow temperature range. Internal PCM walls can achieve more energy savings by charging 

when indoor temperatures exceed comfort levels and discharging when they fall below. PCM 

internal wallboard is more energy efficient than PCM external wallboard, and for that, 

increasing the heat of fusion is recommended [124]. Baetens et al. [125] identified three 

manufacturing methods for PCM wallboard. The first method involves incorporating PCM 

pallets during manufacturing. The second method is impregnation of PCM into wallboard 

panels, and the third is industrial manufacturing where PCM is mixed with gypsum slurry. 
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PCM impregnation during manufacturing via absorption was recommended for enhanced heat 

storage capacity. 

Biswas et al.[126] tested a nano-PCM-based Gypsum wallboard (1.3 cm thick) under varying 

weather conditions in a natural exposure facility in cold climatic conditions. They 

manufactured nano-PCM with expanded graphite mixed with gypsum powder by 20% by 

weight and later cast it at room temperature to make the wallboard. The heat gain difference of 

23.49% between gypsum wallboard and nano-PCM wallboard was obtained when the room 

temperature set points were 20-23.3oC. Kong et al. [127] developed a composite PCM (60 

wt.% % of Paraffin and 40 wt.% of Expanded perlite) with acrylate copolymer emulsion to 

provide extra protection for liquid leakage of PCM. The composite PCM board is incorporated 

both into the walls and the plate-type heat accumulator, and then installed into a prototype 

building of 1m3 size.  During the test period, buildings equipped with both passive and active 

systems experienced daytime temperatures of approximately 1°C cooler and night-time 

temperatures of 2.15°C warmer compared to buildings with only an active heating system. Lee 

et al. [128] developed a novel concept named plug and ply wall (PPW), which enables faster 

installation, dismantling and flexibility for different wall constructions in real climatic 

conditions.  The authors tested PCM thermal board with molecular encapsulated paraffin of 

melting temperature 20.6oC and found average daily heat transfer reductions of 27.4% and 

10.5% for south and west-facing walls, respectively. Barzin et al.[129] performed experiments 

with PT20 PCM-impregnated gypsum board for a test hut in New Zealand (Auckland). At first, 

an AC unit was provided to discharge the PCM at night; after that, night ventilation using 

outdoor air was supplied for PCM solidification. A weekly electricity savings of 73% was 

observed when night ventilation was used for PCM discharging. However, the authors 

recommended this type of arrangement for office buildings rather than residential buildings, 

where comfortable temperatures had to be maintained for office hours only.   

Lightweight steel construction is another emerging building construction technology in recent 

years because of its recyclability and reuse. The main drawback of lightweight steel 

construction is the low thermal mass and thermal inertia [130]. To mitigate this issue, PCM-

incorporated drywall is a good option, with optimisation of the thermal properties of the PCM. 

Soares et al.[131] optimized multiple dimensions of PCM drywall for steel constructions for 

different climatic conditions using dynamic energy simulation. The authors considered seven 

different climatic conditions of European cities located in Spain, Portugal, Italy, France, 

Romania, Poland, and Sweden. An optimum thickness of 4 cm of PCM drywall was found to 
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be suitable for all the considered climatic conditions.  They gave the conclusion that PCM 

drywall was mostly suited for the Mediterranean climate (hot/ warm summer and mild winter).   

PCM wallboard offers ease of installation compared to other PCM techniques. PCM-

impregnated gypsum wallboard is resistant to fire due to its chemical composition. It absorbs 

heat by releasing bound water as steam, limiting temperature rise. With low thermal 

conductivity and non-combustibility, gypsum aids in fire prevention and structural protection. 

Ideal for lightweight construction, the system warrants further analysis for durability and cost-

effectiveness, given the flexibility of wallboard replacement over time. Before installing PCM 

wallboards, the thickness, orientation, and position of the wallboard should be optimized along 

with the proper discharging process so that released heat does not flow to the interior of 

buildings, causing thermal discomfort.  

2.5.3.2 PCM applied to concrete walls 

The concept of PCM-integrated concrete involves incorporating PCMs into concrete to achieve 

enhanced thermal management properties, as shown in Fig.2.9. The methods of PCM 

incorporation in concrete can be primarily divided into two parts: direct and indirect methods. 

In the direct method, PCM powder or granules are directly mixed with concrete. Though this 

process is simple, it leads to severe concern regarding leakage of PCM, structural and thermal 

properties of PCM [132]. The indirect method involves encapsulating the PCM, as described 

in Section 1.4.1, and then incorporating it into concrete.  

 

Fig. 2.9 The working principle of concrete walls incorporating PCMs [132] 

Shi et al.[133] experimentally assessed the effect of position on macroencapsulated PCM on 

concrete walls for regulating indoor temperature and relative humidity. PCM was encapsulated 

with concrete in different positions, namely, externally bonded, laminated within, and 
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internally bonded. The macro-encapsulation was done with a stainless steel box. It was found 

that PCM laminated within the concrete showed the maximum temperature reduction of 4oC. 

This work proved that when PCM was inserted inside the wall, the best results in terms of 

temperature reduction could be obtained, but the inclusion of a stainless steel box was not a 

practical solution in terms of cost. Zeng et al.[134] fabricated a wall of size (800mm x 800mm) 

with shape-stabilized PCM consisting of paraffin, HDPE particle and expanded graphite 

powder. The prefabricated walls with four different thicknesses (10mm,20mm,30mm and 

40mm) were compared against a common concrete wall. It was found that 30 mm thick shape-

stabilized PCM wall with thermal conductivity of 0.2 W/mK was able to optimized energy 

saving by 35.83%. Castell et al. [135] performed a comparative study between five cubicles 

made up of only concrete, one with Polyurethane insulation and another two with two different 

PCM (RT-27 and SP-25 A8). A heat pump was employed for cooling purposes, and it was 

reported that the use of PCM reduced electrical energy consumption by about 15%. A peak 

temperature drop of 1oC has been obtained with smoother temperature fluctuation throughout 

the day for the PCM rooms compared to the concrete room. Figueiredo et al. [136] evaluated 

the thermal performance of concrete incorporating PCM (Micronal DS5001) for the reduction 

of energy demand in buildings. The loss of strength of concrete incorporating PCM was 68% 

in compression and 51% in bending, with a slight increase in thermal behavior. In a study 

where PCM was encapsulated in a foamed concrete panel and installed on the exterior surface 

of a test room, a reduction of 9.75 °C in the interior temperature was achieved. The extra 

insulation provided by the air cavity with ventilation along the PCM concrete panel was 

beneficial in decreasing the overheating by 54% compared to the reference cell [137]. The same 

authors also concluded that increasing the thickness of the PCM-enhanced concrete panel to a 

certain extent and an appropriate phase transition temperature resulted in energy efficiency of 

buildings. Ten panel thicknesses (0.5–5 cm) were tested, where 3 cm was identified as the 

optimum thickness for maximum cooling load reduction of 25.1%. Thicker panels store more 

heat and reduce daytime heat gain but release more latent heat during solidification at night, 

which raises the minimum indoor temperature and increases the cooling load [138].  

M’ziane et al.[139] studied the transient behavior of a plaster wall containing 

microencapsulated PCM using a finite differential method. The authors considered a 1D 

transient phase change with conduction. The conduction-controlled phase change enthalpy 

equation is the same as presented in Eq.2.1. The general enthalpy formula for the non-linear 

relation of phase transition considering the sensible and latent heat is also the same as described 
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in Eq. 2.2. The authors validated the enthalpy model with analytical data and found that 

increasing the thickness of PCM plaster wall was beneficial for thermal comfort maintenance 

up to a certain value; exceeding which had no positive effect on thermal comfort.  

The aforementioned investigations demonstrate that the internal temperature can be decreased 

passively by including PCM; however, the correct insertion technique needs to be adjusted for 

real-world uses. Along with that, the strength of concrete after PCM installation is another area 

to be investigated properly.  

2.5.3.3 PCM integrated bricks 

Bricks are the preferred construction material in terms of thermal behavior because of their 

high heat capacity and high thermal mass performance [37]. The red clay brick can maintain 

the indoor temperature fluctuation to a great extent, and the incorporation of PCM with brick 

may result in significant changes in the stabilization of indoor temperature. Lots of researchers 

around the globe have shown interest in PCM building blocks as a passive technology for 

attaining thermal comfort [140–145]. PCM needs to be encapsulated in some way before 

applying it directly to the buildings to prohibit leakage while melting from solid to liquid. 

Saxena et al. [146] found that proper differential scanning calorimetry (DSC) analysis is 

important for selecting PCM before embedding it into bricks.  

 

Fig. 2.10 Six different PCM configuration on burnt clay brick [147] 

The application of PCM on bricks showed potential in maintaining a comfortable thermal 

environment, with an indoor temperature reduction of up to 6oC and a delay time of 4 hours. 

Also, the building energy consumption reduced by 3.12 %–56 % with the modifications of 
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existing bricks compared to normal bricks [148]. Shaik et al.[147] studied the impact of 

different configurations of PCM (Fig.2.10) on burnt clay bricks to assess the cost-saving 

potential of air conditioning in buildings. Out of six different PCMs, OM29, with the 

configuration of PCM on the outside of the brick, showed the best results in terms of annual 

energy cost savings, carbon emission, and payback period. Also, their study explained that a 

higher latent heat of the PCM led to lower energy consumption of the air-conditioning system. 

Abbas et al.[149] conducted a study involving experimental and numerical analysis of using 

PCM capsules as insulation in hollow bricks for walls. The results demonstrated that PCM 

encapsulation significantly reduces room temperature fluctuations, lowers the inner surface 

temperature by about 4.7°C, and increases the time lag by 2 hours compared to untreated walls. 

Hamidi et al.[150] studied the effect of PCM on hollow brick walls in Mediterranean climates. 

The authors found that PCMs with a 26°C melting temperature can save up to 56% of energy 

for cooling in the North-East Mediterranean climate.  

 

Fig. 2.11 Preparation of PCM concrete bricks 

 

Saxena et al.[151] developed slotted PCM red bricks using Eicosane and OM35 and 

experimented on their temperature and heat flux profile under real conditions of peak summer 

in Delhi, India. The authors reported a temperature reduction of upto 10oC with PCM-

incorporated bricks, where the thickness of PCM was 12 mm. Another study [143] by the same 

authors stated that a temperature reduction of up to 9.5oC and 6oC was obtained by dual and 

single PCM layer, respectively, within the brick. They recommended an auxiliary setup other 

than fins for night cooling of the PCM before increasing the thickness of the PCM layer. Yasiri 
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et al. [152] produced four concrete bricks incorporating 1, 2, and 5 PCM capsules. The paraffin 

was melted, filled into aluminium capsules, solidified, and sealed with a 1 mm thick aluminium 

cap. Finally, PCM capsules were immersed carefully inside the concrete and left to dry 

naturally. The preparation method is shown in Fig.2.11. The thermal performance, expressed 

in terms of PTR (peak inner temperature reduction), HTRc (conductive heat transfer reduction), 

and TD (time delay), was evaluated to compare the PCM-integrated bricks with the reference 

brick. It was found that the PCM of high melting temperature can significantly improve the 

thermal performance of concrete bricks under maximum outdoor temperatures. An increase in 

the encapsulation area leads to greater temperature reduction, enhanced heat transfer 

mitigation, and longer heat delay time. The best PTR and HTRc were calculated for the brick 

with 5 numbers of PCM capsules as 156.5 % and 61 %, respectively.  

Alawadhi [140] experimentally investigated a brick with cylindrical holes filled with PCM as 

a method for reducing the heat gain in buildings during working hours (7 am to 5 pm). Three 

PCMs were used: n-octadecane, n-eicosane, and P116. Out of these three, n-eicosane showed 

the best result as it reduced heat flux up to 24.2%. The location of PCM cylinders was also 

studied at a position of H/2, H/3, where the H/2 position(centreline) showed the best result with 

a heat reduction of 17.55% and other positions were not preferred because they could weaken 

the strength of the brick. The number of cylinders to be used has also been studied, and the 

reduction of heat flux was obtained as 11.5%, 17.9%, and 24.25% for using 1,2 and 3 cylinders, 

respectively.   

The innovation of lightweight autoclaved aerated concrete (AAC) bricks is bringing 

remarkable changes in construction science as the bricks are cost-effective, environment-

friendly, energy efficient, less dense, non-toxic, and more durable than traditional red bricks 

[153]. The AAC bricks can sustain the physical and mechanical properties (appearance, weight, 

and compressive strength) up to a temperature of 500oC [154]. AAC brick is a green 

construction material, as the raw materials involved in this brick are 60-65% flyash, which is a 

waste generated from coal thermal power plants. As AAC bricks possess a higher strength-to-

weight ratio, the dead load of the structure gets reduced, thus providing construction economy 

[155]. The low thermal conductivity of AAC bricks helps to maintain the inside thermal 

comfort of buildings, which in turn can save the electrical load for space cooling. There have 

been a few experiments where the thermal performance of AAC bricks has been further 

improved by using PCM.  A study was performed by Punlek et al.[156] where the researcher 

performed experiments on PCM-coated AAC walls to examine the thermal effectiveness. The 
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maximum temperature difference of 2oC was observed for the east wall between the tested 

AAC house and PCM coated house. The PCM-coated house was able to maintain the 

temperature below ambient temperature for 2 hours and 30 minutes longer than the reference 

house. Further, a savings of 25% of cooling load consumption was observed with a PCM-

coated house, which is significant.  

Table 2.1 summarize different works on PCM integration into bricks, highlighting the potential 

of temperature and heat flux regulation. Among the available PCM types, organic PCMs and 

inorganic hydrated salts are the most suitable options. The melting point is the key parameter 

that controls the heat transfer mechanism of PCM when incorporated into bricks. Improper 

selection of the melting point resulted in insufficient cooling and failure of temperature 

regulation. Also, a higher heat of fusion of PCM leads to dampening the heat flow, and thus is 

efficient for temperature maintenance within the comfort limit.  

A study conducted by Gao et al.[148] revealed that although the research on the incorporation 

of PCM for building thermal management has been increasing over the last few years, the 

application of PCM for bricks still needs attention. As bricks are the main construction material 

for all heavyweight buildings, PCM modification in bricks can be a permanent solution in all 

aspects. Once built, bricks cannot be replaced, so the utmost test is a must for their durability 

and strength. Furthermore, a study highlighted the need for further research into optimizing 

PCM properties and addressing challenges such as risk of leakage, seasonal adaptability, 

flammability, and mechanical strength in building applications [157].  
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Table 2.1 Summary of literature review on PCM integration in bricks 

Author name Objective of the study Nature of the study PCM used Performance in 

terms of 

temperature 

regulation 

Important findings 

Saxena et al.[146] Thermal analysis of PCM 

incorporated bricks for 

Delhi, India 

Experimental  Eicosane,  

OM35 

4.5oC to 7oC 

temperature 

reduction 

Reduction of heat flow of 8% and 

12% for Eicosane and OM35, 

respectively, was found. 

Mahdaoui et al. [158] Thermal behavior analysis 

of PCM impregnating 

bricks under summer 

climatic conditions of 

Morocco  

Numerical 

simulation 

n- Nonadecane Not mentioned 16 % PCM mass was optimized for 

an indoor temperature of 27.5oC for 

summer conditions 

PCM with melting temperature 32oC 

showed the best thermal 

performance 

Younsi et al. [159] Analysis of thermal 

performance for hybrid 

brick walls embedding 

PCM  

Numerical 

simulation 

Micro 

encapsulated 

PCM 

2.7oC peak 

temperature 

reduction 

Resulted in an 83% heat flux 

reduction when an additional 

insulation layer was added with 

PCM 

Gao et al. [160] Analysis of the thermal 

behavior of hollow bricks 

with PCM 

Experimental+ 

Numerical 

PCM with 

melting 

temperature 

18°C–23°C 

Temperature 

reduction was not 

mentioned; the 

highest delay time 

was 9.83 hours. 

Inner cavities for PCM insertion 

were better for thermal performance 

Reduced peak heat flux by 26.07 

W/m2, but failed to reduce average 

heat flux 
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Dabiri et al.[161]  Latent and sensible heat 

analysis of PCM 

incorporated brick and cold 

and hot climatic conditions 

of Tehran, Iran 

Numerical analysis RT 35 Winter temperature: 

19oC to 26oC, 

Summer 

temperature: 23oC to 

32oC 

In summer, 71% of the heat storage 

happened as latent heat, and in 

winter, 72% happened due to 

sensible heat 

Li et al. [162] Thermal performance 

analysis of PCM-based 

brick wall on mid-season 

and summer days 

Experimental  Shape 

stabilized PCM 

(GH 20) 

1oC peak 

temperature 

reduction with 2-3 

hours delay (mid-

season) 

In mid-season days (March 29- 

April 30), the PCM was in a melting 

temperature range, providing 

minimum interior temperature 

fluctuation; but in summer, the PCM 

remained in a liquid state with no 

phase transition 

Principi et al.[163]  Thermal analysis of hollow 

bricks with PCM and low 

emissivity coating 

Experimental+ 

theoretical  

Sodium sulfate 

decahydrate  

Not mentioned PCM led to a delay of about 6 h in 

the heat flux peak with a reduction 

of 25% 

Kong et al.[164]  Performance analysis of 

the use of PCM on 

perforated bricks for 

cooling storage  

Experimental  Capric acid  2.2oC overall 

temperature 

reduction 

PCM panel on outside of the test 

room was 1oC and PCM panel on 

inside of the room was 2oC cooler 

than the reference room. 

Thermal lag of 2-3 hours has been 

noticed. 

Chelliah et al. [165] Analysis of terracotta 

bricks integrated with 

PCM for hot, dry and 

composite climatic 

conditions for India  

Experimental + 

Theoretical  

Organic PCM 

(OM 18, OM 

29, OM 32, 

OM 37), 

Hydrated salt 

(HS 22) 

Not mentioned OM 32 was the most suitable option 

considering the thermoeconomic 

behavior 
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2.5.3.4 Key parameters affecting thermal management on walls 

The key parameters that influence the functioning of PCM in building envelopes include 

melting temperature, PCM quantity and thickness, and PCM position [39]. A study conducted 

by Li et al.[162] aimed to evaluate the thermal performance of a west wall embedded with 

shape-stabilized PCMs, with a phase change range of 15.80–22.28 °C. The lower melting 

temperature range of the PCM degraded the thermal performance during the summer season, 

as the phase transition did not happen, and the cooling load was increased by up to 43.23%. 

The authors recommended PCMs with higher melting points (28–33 °C) for better thermal 

performance. A review study analyzed that when PCM is applied to bricks, with the 

combination of insulation or ventilation systems, it could increase the thermal lag by about 4 

hours and significantly improve indoor thermal comfort by lowering wall and indoor 

temperatures. The authors recommended that PCMs should have phase change temperatures 

near ambient levels for optimal thermal performance and use thin-layer encapsulation for better 

heat transfer [166].  A study conducted by Wang et al. [167] using EnergyPlus concluded that 

the PCM melting temperature range of 22-26oC was suitable for both winter and summer 

seasons, but the optimization of melting temperature is purely seasonal. During the summer, 

the east and west walls exhibit the greatest energy-saving efficacy, with the east wall model 

achieving a remarkable 27.78%, while in winter, the highest efficiency is observed in the south 

wall model with PCM22. Another simulation analysis based on EnergyPlus by the same 

researchers revealed that 30 mm PCM thickness with a melting point of 20oC could save 20% 

electricity needed for air conditioning systems for buildings in Shanghai. However, the passive 

PCM-enhanced wallboard could not be satisfactory in the summer season due to insufficient 

solidification during the night [168].  

A study conducted by Qu et al.[169] presented that the type of building envelope on which 

PCM was applied was the most influential factor according to multi-factor simulation analysis, 

followed by PCM layer layout, PCM type and PCM layer thickness. Their study confirmed that 

PCM should be applied to the part of the building envelope that receives the maximum solar 

radiation. Anter et al. [170] found that paraffin (RT-35HC) was able to reduce temperature and 

cooling energy by 3.4oC and 66%, respectively,  when placed with a thickness of 1.5 cm each, 

both from the inner and the outer sides of the wall. In the study conducted by Saeed et al. [171], 

an analytical and transient model was used to determine the temperature reduction with PCM 

(n-Eicosane, P116) bricks. The dimensions of the studied brick were 15 cm × 15 cm with a 

height of 10 cm. PCM holes were made with a dimension of 3cm×3cm. Increasing the number 
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of holes enables higher PCM incorporation in the wall, thereby improving temperature 

regulation. The melting process completion time depends on the PCM type, the climate and the 

location. N-Eicosane completed the melting process faster than P116. N-Eicosane with four 

holes reduced the temperature by 53% as compared to a brick without PCM. 

Haghshenaskashani et al. [172] numerically studied a two-dimensional model for simulating 

and analyzing PCM (n- Octadecane) in order to minimize energy consumption in buildings. 

The authors got a temperature reduction of up to 32% with three holes of size (6 x 3 cm) for a 

brick size of 25×15×15 cm. The same work also reported that the location of PCM materials 

should be near the outdoor position for better performance. 

Chihab et al. [173] examined the effect of four PCM filling rates (0%, 33.33%, 66.66%, and 

100%) in the holes of clay bricks. The positions of holes in the brick are at h/2, h/3, and 2h/3The 

results showed that filling the central cavities with a PCM (melting temperature of 32 °C), 

combined with low-emissivity coating or insulation in the inner and outer cavities, provides 

the greatest enhancement in the thermal inertia of hollow clay brick walls. T. Mukram et 

al.[174] conducted a comparative experimental study on bricks integrated with 

macroencapsulated and microencapsulated PCM for cooling applications. The study used 

HS29 for macroencapsulation (placed at the center of the brick) and ME29P for 

microencapsulation (applied to the outer wall surface). The results showed that the centrally 

encapsulated PCM brick performed better during the heating cycle, while the 

microencapsulated PCM brick demonstrated improved performance during night-time cooling. 

Tuncbilek et al. [175] performed a numerical simulation study to evaluate the seasonal and 

annual performance of PCM-integrated bricks for the Marmara region of Turkey. The results 

indicated that positioning the PCM near the interior surface of the wall led to the highest energy 

savings. The impact was found to be more significant during the heating season compared to 

other periods of the year. Arumugam et al. [176] systematically reviewed the potential of 

different passive technologies, such as PCM, insulation, and natural ventilation techniques, in 

different climatic regions based on the Koppen-Geiger climatic classifications. PCM 

integration on the outer surface of the building for tropical and arid climates and at the middle 

or innermost layer for temperate and cold climates was recommended based on their study. Jin 

et al. [177] investigated the influence of salt hydrate PCM phase states (solid, partially melted, 

and fully melted) on the thermal performance of building walls. Their results showed that the 

PCM layer located after one insulation layer from the indoor environment was the optimum 
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location for PCM layer installation. Their findings also confirmed that the optimum position 

was affected by both PCM properties and environmental conditions.  

Table 2.2 represents recent studies examining the impact of PCM position and thickness on 

wall thermal performance and building energy savings.  In most of the numerical studies, PCM 

is inserted as a separate layer between the brick and concrete, as it is the easiest method for 

analysis. For experimental investigations, PCM is incorporated into cavities located either in 

the brick units or in the wall assembly. Macroencapsulation of PCM is the most commonly 

used integration technique due to its ease of implementation in practical applications. The 

incorporation of the PCM layer is preferred at the outside of the brick in buildings for the proper 

utilization of the latent heat with the absorption of solar radiation during the day time. The 

PCM incorporation in the middle of the thickness of the brick provides optimum value both for 

mechanical strength and thermal performance. The effect of the thickness of PCM is very 

significant both for annual energy demand and economic benefits.  A thicker PCM can reduce 

the heat flow up to a certain limit, after which the effect diminishes.  Sometimes, rather than 

having a single layer of PCM, multiple layers on the walls can make the thermal performance 

better. 
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Table 2.2 Effect of PCM position and thickness on thermal performance of building wall 

Reference Type of 

work 

Type of 

PCM 

Component 

of the wall 

Method for 

integration  

PCM 

thickness 

(cm) 

PCM 

position 

Thermal performance Energy 

savings 

Key observations 

Temperature 

reduction 

(%) 

Heat flux 

reduction 

(%) 

 

Li et al. 

[178] 

Numerical Enerciel 

22  

Separate the 

PCM layer 

between the 

brick and 

plaster 

Not specified 1 Interior Overall 

reduction of 

temperature 

fluctuation 

(specific 

value not 

given) 

15.6 Not 

mentioned 

 PCM with melting point closer 

to room temperature, with low 

thermal conductivity and 

positioned near the exterior 

surface provides better heat 

transfer reduction 

 Thicker PCM reduces heat 

transfer more, but the benefit 

decreases as thickness 

increases 

Exterior 16.95 

2 Interior 29.2 

Exterior 30.2 

4 Interior 46.82 

Exterior 47.58 

Anter et al. 

[179] 

Numerical Paraffin 

(RT35 

HC) 

PCM layer 

between brick 

and mortar 

Not specified 1  5.79  66 (when 3 

cm PCM 

split as 1.5 

cm  from 

inside and 

1.5 cm from 

outside  

 PCM position close to exterior 

wall gives better  results in 

terms of heat  flux reduction 

 

 

 

2 13.4 

3 (best) Outer 18.84 77.33 

Inner 13.91 57.33 

Both 

inner 

and 

outer 

21.15 64 

4  19.42  

6 20.86 

8 20.86 
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Liu et al. 

[180] 

 

Numerical 

Not 

mentione

d 

A layer in 

lightweight 

wallboard 

 

Not specified 

  

 

Inner 

 

 

3.04 

 

 

52.8 

  PCM mainly acts as a thermal 

regulating medium rather than 

as an insulator 

 Energy savings are not 

proportional to thickness, and 

thus  increasing thickness is not 

efficient  beyond a limit 

0.5 Middle 

(Best) 

1.81 51.9  

1 (best) 3.65 63.4  

1.5 5.4 66.82  

2 7.24 69.56  

 Outer 3.07 53.2  

Arıcı et al. 

[181] 

Numerical Paraffin A layer 

between 

concrete and 

plaster 

Not specified 0.1 cm to 

2 cm 

Inner Not 

quantified 

35-99% Not directly 

mentioned 

 The benefits of the PCM layer 

are possible  up to a thickness 

of 12 mm, after which it 

decreases 

 PCM layer near the interior 

wall is the best location for 

cooling conditions 

 

Outer 

Sahili et al. 

[182] 

Numerical Paraffin A layer 

between brick 

and either 

mortar or 

gypsum 

plasterboard 

Not specified 1.5  Inner 

 

Direct value 

not 

mentioned 

Not given 13.77  Multiple layers of PCM on 

walls are more efficient 

compared to a single-layer 

PCM in energy consumption 

reduction 

 PCM placed near the interior 

showed the most cooling 

energy savings 

 The south wall with PCM 

showed more energy efficiency 

 

Outer 12.59 
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Sun et al. 

[183] 

Numerical Not 

specified 

A wall layer 

sandwiched 

between 

insulation 

Macro-

encapsulation 

with polymer 

sheet 

0.7 Near the 

interior 

Not 

mentioned 

65.83 Not 

mentioned 

 When the indoor air is warmer, 

the PCM works best near the 

indoor surface 

 Peak heat flux reduction 

increased with PCM thickness 

until an optimum, then declined 

Shi et al. 

the [184] 

Numerical Inorgani

c-

eutectic 

Layer on wall Macro-

encapsulation 

0.1 Not 

given 

44.8 Not mentioned  Applying PCM can effectively 

extend the thermal comfort 

duration from 26.7% to 94.1% 
0.2 35.6 

0.3 35.1 

Jamal et al. 

[185] 

Numerical n-

Eicosane 

Brick cavities Macro-

encapsulated 

PCM in a 

plastic 

container 

 Inner 

 

Not 

mentioned 

 

 

5.97 

 

9 

 

 The melting temperature of 

PCM has significant influence 

on thermal performance, which 

selection is based on local 

climatic conditions 

 Outer Not 

mentioned 

31.91 21 

Li et 

al.[186]  

Experi-

mental 

Paraffin As a wall layer 

between hemp 

concrete 

Macro-

encapsulated 

with a thin 

aluminium 

shield  

2.12 Exterior -4.6 73 98.1  The results were obtained using 

a combined PCM–air layer 

integration, rather than PCM 

alone 

 Proposed a dynamic 

configuration, where the PCM 

layer can be repositioned along 

with the air layer, which adjusts 

the thermal resistance and 

temperature gradient between 

indoors and outdoors  

 

Interior 3.7 9 84.3 
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Rathore et 

al. [187] 

Experi-

mental 

Paraffin 

(OM37) 

Horizontally 

placed tubes 

in the center of 

the concrete 

wall 

Macro-

encapsulation 

with 

aluminium 

alloy tubes  

1.57 Middle 9.18 41.31 38.76  Night ventilation was 

recommended for proper 

discharging of PCM; otherwise 

minimum indoor temperature 

at night was higher 

Wang et al. 

[188] 

Experi-

mental 

Shape-

stabilize

d 

Paraffin 

Bricks  SSPCM mixed 

with portland 

cement, yellow 

sand, and made 

in wooden 

moulds 

12 Whole 

wall 

Not directly 

mentioned 

~26 24.32  Reduced max interior wall 

temperature by ~0.2 °C with a 

time delay of 1-2 h 

Gounni et 

al. [189] 

Experi-

mental 

Paraffin  Cavity in 

walls 

Composite 

PCM 

(polyethylene+

paraffin) as a 

flexible PCM 

panel  

0.5 Inner 9.81 Not mentioned  Influence of PCM on reduction 

of surface temperature was 

more effective when placed on 

the interior side of the wall  

 For greater peak heat flux 

reduction, PCM should be 

positioned close to the heat 

source and distributed within 

the wall 

Outer 0.25 Not mentioned 

1  Not 

mentioned 

 

20.4 Not 

mentioned 1.5 Outside 26.6 

Middle 29.2 

Inside 26.3 

2  31.8 
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2.6 Techno-economic and environmental assessment analysis 

The technical assessment of PCM usage in buildings primarily involves the study pertaining to 

thermal properties, integration technologies, compatibility, safety, and durability [190]. The 

published work on technical assessment studies has already been extensively discussed in the 

previous sections of this chapter. In this subsection, the focus area would be the economic and 

environmental analysis related to PCM integration in buildings. The economic assessment 

mainly concentrated on initial cost, operational cost savings, maintenance cost, payback period 

and lifecycle cost. Accordingly, the environmental analysis covers the study like net 

environmental benefits, resource use, embodied energy, greenhouse gas emission, and end of 

life [190]. The commonly used tools for assessing the techno-economic-environmental 

performance of PCM-integrated buildings include Life Cycle Assessment, energy simulation 

modelling, Life Cycle Cost Analysis, and Cost–Benefit Analysis [190]. 

2.6.1 Economic parameters and Carbon emission 

 

Fig. 2.12 Key parameters  affecting the economic assessment [191,192] 

Ahmad et al.[193] conducted a study to estimate the impact of PCM envelope on the energy, 

economic, and environmental performance of a residential mid-rise apartment building, 

considering 50 years of lifespan. The authors concluded several points in terms of the economic 

and environmental feasibility of the system. The first one is that the economic viability of 
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PCM-integrated buildings primarily depends on two key factors: the local electricity cost and 

the amount of energy savings achievable in a given city. The second conclusion is that 

compared to regions that rely heavily on renewable energy, cities or countries dependent on 

fossil fuels for electricity generation can achieve larger carbon-emission reductions for each 

unit of energy saved. The key elements that effect the economic feasibility and carbon emission 

of using PCM in buildings are highlighted in Fig.2.12 and Fig.2.13 respectively.  

 

Fig. 2.13 Key parameters  affecting the environmental assessment [191,192] 

Some of the widely used economic parameters in the field of PCM integration in buildings are 

discussed in Table 2.3. 

Agarwal et al.[192] analysed energy and economic performance of PCM integrated bricks for 

composite climatic conditions of India. Their results showed that the payback period is not 

feasible (ranging from 181 to 10,000 years), because PCM materials are very expensive (lab-

grade), making the initial cost huge. Similar conclusions were reported from a study based on 

EnergyPlus analysis for a PCM-integrated multi-story building in five different regions of 

China [194]. A study conducted by Raheim et al. [195] also stated the same conclusion that 

although a thicker PCM layer was useful for energy saving in buildings, the corresponding 

payback period reached up to 57.6 years. They suggested adding an insulating layer along with 

a 1 cm PCM layer to the building envelope for both energy saving and cost benefit.   
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Table 2.3 Main economic parameters involved in PCM usage in buildings 

Economic 

parameter 

Definition Formula 

Static 

payback 

period 

(SPP) [196] 

Time required for the 

initial investment needed 

for PCM integration in 

buildings to be recovered 

through the annual energy 

saving cost 

costyElectricitsavingsEnergy

PCMofcostTotal
SPP




S

CPCM
 

   21 CACVCPCM   

 kgmV 3volume  

 kgUSDcost1 C  

  roofandwallofareasurfacethe,area 2mAs   

 2
2 PCMofcostoninstallati mUSDC   

Dynamic 

payback 

period 

(DPP) 

[197], [198] 

Same as SPP, but DPP 

considers the time value 

of money 

 I1ln

ICS

S
ln

DPP
PCM















  

 
 

1
1

1







r

i
I  

ratediscountmodifiedI  

moneyofvaluetimeti  

tariffyelectricitininflationannualr   

Net Present 

Value 

(NPV) 

[198] 

The difference between 

the present value of 

benefits and costs over the 

lifespan of the building 

  
  n

n

Ii

IS






1

11
NPV  

buildingtheofspanlifeN  

Life cycle 

cost (LCC) 

[199] 

Includes total cost over 

the entire lifespan from 

PCM manufacturing to 

operation cost 

 
 OMEC

d

d
IC o

n














 



11

LCC  

materialsbuidingforcostinvestmentinitialtheIC  

cost energy  =ECo  

cost emaintenanc and operating OM =  

ratediscount  =d  

 

Several economic analyses have been published in which EnergyPlus was used to compute the 

energy performance of buildings, and the resulting outputs were then used to determine the 

associated economic parameters. One such study confirmed that the most sensitive parameter 
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for economic benefits is the thickness of the PCM layer and the density of the PCM, whereas 

thermal properties had the least effect on long-term economic benefits [197]. M’hamdi et 

al.[200] evaluates the energy, environmental, and economic performance of integrating PCM 

into different building envelopes across North African climates through EnergyPlus analysis. 

The environmental and economic analyses showed that, when applied optimally, PCM 

integration reduced energy costs by up to 10% and CO2 emissions were lowered by 707 

kg/year. The corresponding payback period ranges from 7 to 43 years for different climatic 

conditions, with an average of approximately 23 years.  

Table 2.4 Carbon emission analysis through different stages 

Stages Formula Parameters used 

Manufacturing Not mentioned Not mentioned 

Transportation LeCME ttrans   

carriertheoffactoremissionCO

distanceTransport

PCMofWeight

2





C

Le

M t

 

Construction 

VC

MH
EFE cB

elpro
3600

2
  

hoistofcapacityloadOperating

oninstallati

PCMduringhoistofsppedlifting

heightBuilding

hoistbyliftedPCMofWeight

factorCOemissionyElectricit 2











G

v

H

M

EF

B

c

el

 

Operation 

(considering 

only cooling 

energy) 

 6106.3 
 elc

c

EF

COP

Q
E  

demandenergyCooling

nconsumptioenergy

coolingannualtodueemisssionCO 2





c

c

Q

E

 

Demolition 
prodemol EE 9.0   

Phase change 

layer disposal 
tgdisprodistransdisdis EEEE ,,,   

stagerecyclingduringemissionCO

stagedisposalduringemissionCO

stage

tiontransportaduringemissionCO

2,

2,

2,







tgdis

prodis

transds

E

E

E

 

 

Ji et al.[201] presented a study on the synthesis of PCMs suitable for energy saving and carbon 

reduction in building envelopes for a building lifespan of 30 years. Their study resulted in a 

reduction of CO2 emission by 29.9 kg/m2 after 30 years of using PCM-incorporated envelopes. 
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Zhang et al.[202] systematically analysed the different stages of carbon emission analysis, from 

the production phase to the recycling phase. The assessment adopts a cradle-to-cradle life cycle 

approach to evaluate the carbon intensity of PCM-integrated walls, covering manufacturing, 

transportation, construction, operation, demolition, and disposal stages, as mentioned in Table 

2.4. No formula was mentioned for the manufacturing phase CO₂ emissions. Transportation 

emissions related to PCM transportation from the manufacturing site to the construction site. 

In the construction stage, emissions are simplified to include only hoisting electricity 

consumption. Operational emissions arise from heating and cooling energy demands over the 

service life of the PCM wall, which is again elaborated in the subsequent sections.   

Abilkhassenova et al.[196] also evaluated the energy, environment and economic performance 

of PCM-integrated buildings. The environmental impact assessment was done by the reduction 

in CO2 emissions due to PCM, and considered the carbon intensity of electricity generation 

from various fuel sources. Eqs. 2.11-2.13 represent the energy contribution of each fuel source 

and carbon emissions savings.  

 PCM/ ESRPE ii   (2.11) 

where E  is the contribution to energy savings by a particular fuel source  kWh , RP  is the 

relative proportion of a particular fuel source (%),  PCMES  is the energy savings obtained 

from PCM incorporation  kWh , and i  is the particular fuel source. 

 PCM/ ESRPE nn   (2.12) 

Here, n is the nth number of fuel sources. 

i

n

i i CIECES  1

/
 (2.13) 

Here, CES  is the carbon emission savings  yearkgCO e2 , and CI  is the Carbon intensity of 

electricity generation  yearkgCO e2  . 

In conclusion, the economic feasibility of PCM-integrated buildings remains uncertain and 

highly dependent on multiple factors, highlighting the need for detailed financial evaluations. 

Future studies should prioritize low-cost PCM development, adopt dynamic payback 
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approaches, optimize PCM use for different climates, incorporate electricity tariffs and service 

life, and apply comprehensive life cycle cost analysis. 

2.6.2 LCA study 

LCA is considered the most effective tool to analyse the environmental impact of any product. 

LCA study normally involves all the stages covering a product life cycle, i.e., raw material 

extraction, manufacturing process, transportation, maintenance and disposal or recycling [203]. 

The four main stages of LCA have been outlined in Fig.2.14. The goal of the LCA study 

highlights the reasons for conducting the LCA. The scope basically outlines the assumptions, 

methodological choices, functional unit, and system boundary of the study. The life cycle 

inventory involves the specific data collection pertaining to the study. The result interpretation 

reflects the conclusion and recommendation based on the selected goal and scope  [204].  

 

Fig. 2.14 Four stages of LCA study [203,204] 

Three types of LCA studies are generally reported. Cradle to grave analysis involves raw 

material extraction to production, use, and end-of-life. Cradle to gate analysis includes only 

raw material extraction, processing, and manufacturing. Cradle to cradle is similar to cradle to 

grave, but the product is put for recycling in this analysis [205].  

Fabiani et al.[206] tested palm oil as an alternative to the petroleum organic PCM, and 

performed the LCA according to the international standards of the ISO 14,040 series. The 

cradle to gate method was applied in the study, as no data were available for using palm oil in 

building thermal management. The results from ReCipe and IPCC analysis showed that raw 
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palm oil had 5 and 10 times more impact, respectively, in terms of ecosystem and human health, 

compared to paraffin. This occurred due to the significant environmental impact of palm oil 

cultivation. Menou et al.[207] compared the environmental effect of replacing salt hydrate and 

paraffin with ester for the walls in a house-shaped experimental cubicle. Adding PCM increases 

the environmental impact during the manufacturing phase of the building, with esters causing 

a lower increase than paraffin, by about 6.1% for esters and 18.5% for paraffin. Antypa et al. 

[208] developed a compact storage module by encapsulating salt hydrate in an aluminium case. 

The authors analysed the hotspots that had a significant impact on the environment. Cradle to 

gate boundary approach was employed in the study. The manufacturing stage of 

macroencapsulated PCM contributed 5.81 kg CO2 eq., and aluminium recycling had the highest 

impact above all. The authors concluded that if the recycled aluminium was replaced with new 

scrap and post-consumer scrap aluminium, the impact could be reduced by 46%. Castell et al. 

[209] developed and conducted LCA on two experimental cubicles, one with alveolar bricks 

and the other with macroencapsulated PCM. The primary goal of their study was to check 

whether the environmental impact caused by PCM manufacturing could be compensated for 

by the energy savings during the operational phase. When manufacturing and operational 

stages were combined, the PCM cubicle reduced the total environmental impact by 33.8% 

(ReCiPe 2016) and 34.5% (IPCC 2013 GWP100) compared to the reference cubicle. In another 

study, Vega et al.[204]  assesses the environmental impact of incorporating PCMs into the 

envelopes of a lightweight building with dimensions of (2.5 × 2.5 × 2.43) m³. A cradle to grave 

analysis was performed during the study, including manufacturing, operational phase and 

environmental payback period. The environmental payback period for their study was defined 

as the time when the environmental impact was equal for both the PCM and the reference 

building. Integrating PCM into the wall and roof of the lightweight building resulted in an 

84.4% decrease in environmental impact over 20 years of lifetime. Also, the PCM integrated 

building reduced the environmental payback period by more than 15%.  

In terms of environmental sustainability, PCM integration in buildings is a promising strategy. 

PCM mainly decreases the peak cooling load during the operational stage of the building, 

which in turn reduces related carbon emissions. The manufacturing of PCMs and their available 

incorporation technologies generally impose a higher environmental burden than conventional 

construction materials; however, when assessed over the entire building lifespan, the overall 

environmental impact is reduced. Current research indicates that bio-based PCMs with 

enhanced thermal properties represent the most sustainable pathways. Recycling of PCM is 
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another scope of research to enhance the environmental profitability. Further detailed studies 

are needed to quantify environmental benefits regarding PCM usage in buildings.  

 

2.7 Summary of literature review 

Many existing modern buildings exhibit poor thermal performance, limited energy efficiency 

potential, and inadequate thermal insulation.  PCM incorporation in such buildings can 

efficiently control the indoor thermal conditions with reduced energy demand. Numerous 

published works on that particular area have been reviewed in the above sections. The critical 

observations from the review work has been summarized below.   

1) Organic PCMs are the most widely used PCM category for passive thermal management 

in buildings, followed by inorganic hydrated salts. Leakage of organic PCM is a very 

serious concern regarding building use, as leakage effects the structural integrity of the 

construction. 

2) Physical and vacuum impregnation methods are the simplest, least expensive, and most 

widely used techniques for preparing form-stable PCMs. 

3) Macroencapsulation technology is the most commonly used method for PCM 

incorporation in buildings. Considering the cost and heat transfer mechanism, this 

method is not efficient. Form-stable PCM composite is reported to be the best alternative. 

4) As the performance of PCM is highly dependent on the diurnal temperature fluctuation 

for building applications, the passive system sometimes fails to complete the discharging 

process. In such cases, night ventilation or free cooling of the building is recommended 

by many researchers. 

5) Single PCM with one melting temperature range sometimes is not useful for attaining 

thermal management, due to dynamic seasonal variation. An eutectic mixture of more 

than one PCM and other composite PCM with multiple panels should be incorporated in 

such cases.  

6) In most published numerical studies on PCM applications in buildings, the PCM layer is 

modelled as a separate layer inserted between construction materials. In contrast, most 

experimental studies employ cavities, holes, or slots within bricks or concrete for PCM 

insertion. 

7) The governing equation of PCM modelling in buildings is based on the basic transient 

heat conduction equation. To incorporate the phase change process of PCM, the basic 
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equation is modified using the enthalpy method. This process is observed to be followed 

predominantly in all the published literature. 

8)  PCM thickness, position and melting point are the three main selection criteria for PCM 

in building applications. The melting point should be selected based on the ambient 

temperature or human comfort range. Increasing PCM thickness improves thermal 

performance up to a certain limit, beyond which the performance degrades. The PCM 

position on the wall depends on the heating and cooling needs of the building, and it 

varies according to the climatic conditions and altitude.  

 

2.8 Research gaps 

Based on the rigorous literature review, the following research gaps have been identified 

regarding thermal management in buildings using PCM. 

1) No literature has been found mentioning the appropriate and reliable method for the 

evaluation of the durability study of PCM before applying it in buildings.  The studies 

related to long-term chemical, thermal, and mechanical stability of PCMs over thousands 

of thermal cycles are limited.  

2) No published work has been found that utilizes biocomposite PCM as a building material 

for thermal management. Standard experimental test methods for evaluating the thermal 

performance, mechanical strength, bulk density, corrosion resistance, water absorptivity, 

fire resistance, and hygroscopicity of biocomposite PCM are not found in the open 

literature. 

3) Extensive experimental work on PCM-integrated building envelopes is very limited. 

However, it has been noticed that numerical research in this area is dominating, which 

implies a tremendous scope for experimental study. 

4) The study related to optimization of the PCM integrated building envelope by climatic 

conditions, specifically for the Indian climate, has not been found.  

5) Very few experimental works comprehensively discuss the complete PCM charging and 

discharging cycle; while daytime melting has been widely investigated, the nighttime 

solidification process remains largely unexplored. 

6) A comprehensive economic and environmental assessment study of a practical PCM-

integrated building is not found in the published literature.  
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2.9 Thesis objectives 

Based on the research gaps, the following objectives are formulated for the present study.  

1) Development of biocomposite phase change material for thermal, chemical, and 

mechanical stability and its characterization 

2) Development of biocomposite phase change materials-filled bricks for optimum thermal 

management 

3) To analyse the thermal performance of biocomposite phase change material-filled brick 

walls for a hot and humid climate 

4) Techno-economic analysis and life cycle assessment of the developed biocomposite 

phase change material for enhancing energy efficiency in real buildings 

 

2.10 Summary of the chapter 

In this chapter, a detailed literature review on form-stable PCM, bio-PCM, and thermal 

management of PCM in buildings has been discussed. Based on the review, it has been 

observed that bio-based PCM is highly encouraged in building applications for passive cooling; 

however, more studies are required on the preparation and detailed analysis in order to evaluate 

its sustainability. Focused studies on building envelopes have shown that applying PCM in 

walls yields the best results in terms of heat transfer reduction and temperature attenuation. 

Additionally, the effect of PCM position and thickness on the wall is a crucial parameter that 

varies with climatic conditions. Based on the review of literature, a summary of research gaps 

has been identified and reported. Considering the research gaps, importance, relevance, 

resources and strength, objectives of the thesis have been formulated. To address these 

objectives, methodologies are formulated and presented in the next chapter.    
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3.1 Introduction 

This chapter discusses the characteristics and applicability of eco-friendly and cost-effective 

biochar having high porosity for encapsulating organic PCM for building applications. The 

comparative analyses of the developed biocomposite PCMs have been conducted using four 

major characterization techniques such as leakage stability, chemical properties, thermal 

properties, and thermal cycling stability. The performed morphological, structural, chemical 

and thermal studies are also highlighted in the chapter.  

3.2 Materials and method for developing biocomposite PCM 

In the present study, biochar produced from water hyacinth (WH), yellow oleander (YO) and 

sugarcane bagasse (SCB) through the pyrolysis process has been used as an encapsulation 

material for the biocomposite PCM preparation. The selection of biomasses depends on the 

fact that WH plant adversely affects the aquatic lives of water bodies in rural areas; SCB is an 

agricultural waste, and YO is abundantly available in the locality. WH plant, YO plant (stem 

and leaves) and SCB wastes are collected from the locality of the IIT Guwahati campus 

(26.18oN, 91.69oE). After being cleaned, the collected biomass is oven-dried for 24 hours in a 

hot air oven (Make: Hamco, Model: 105 series) at a temperature of 105±2°C. The dried 

biomass is then ground to make a powder sample of particle size around 500 µm. The binary 

blend is produced by mixing two biomass (50:50 wt.%: wt.%), and the ternary mixture is 

produced by combining three biomass prior to pyrolysis in equal proportions (33 wt.% of each 

biomass). The pyrolysis is done at a temperature of 550°C with a heating rate of 10°C/min for 

a retention time of 1 hour, with the supply of Argon gas to provide an inert atmosphere. The 

same pyrolytic conditions are applied for all the co-pyrolysis processes to make the binary and 

ternary blends.  

The PCM selected for making composite is organic material (OM35), having a nominal melting 

temperature range of 35-39oC and thermal cycles up to 2000 cycles [210]. The organic PCM 

is purchased from Pluss Advanced Technologies, India [211]. The PCM-biochar composite 

material is prepared via the direct impregnation method. The PCM and the biochar are put in a 

glass beaker and sealed in the mouth of the beaker with aluminium foil. The glass beaker is 

then kept in a hot air oven for 16 hours at a set temperature of 50oC so that proper melting of 

PCM can be ensured. The PCM–biochar mixture is stirred at an interval of 4 hours to achieve 

the desired homogeneity. After 16 hours, the samples are taken out from the oven, cooled to 

room temperature by natural air cooling, and packed in air-tight pouches for further analysis.  
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The stages of biocomposite PCM preparation are shown in Fig. 3.1.  

 

Fig. 3.1 Methodology for biocomposite preparation 

 

3.3 Characterization of the biocomposite PCM 

3.3.1 Leakage test 

The leakage test is performed to check the best biochar to PCM mixture ratio out of six different 

blends of biochar and PCM. The mixture ratios selected for testing are 4:6, 5:5, 6:4, 7:3, 8:2 

and 9:1 (wt.% of PCM: wt.% of biochar). The leakage test for all the biocomposite PCM 

samples is carried out by using cellulose filter paper (Whatman grade 1) of 11-micron size and 

12.5 cm diameter. Gridlines have been drawn on each filter paper, which divides the circular 

filter paper into squares of 1 cm2. The samples are placed at the center covering 8 cm2 of the 

filter paper for the initial phase. Then the samples are kept in a hot air oven for 30 minutes at 

40°C and observed for any leakage of the PCM material from the initial stage. A sample weight 

of 1.5 g is kept constant for every mixture composition. The mass loss percentage of each 

composition mixture has been calculated after 30 minutes with an analytical weighing balance 

(Make: Contech, Model: CAI-234). The mass loss percentage is obtained through the following 

Eq. 3.1 [212]. 
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where 
1M  is the initial mass of the biocomposite PCM on filter paper, 

2M is  the final mass 

of the biocomposite PCM on filter paper after 30 minutes.  

The leakage of the PCM from the biochar matrix during melting is observed through visual 

inspection on the filter paper. The sample composition (PCM: biochar) with minimum leakage 

is selected for further characterization. 

3.3.2 Characterization techniques   

The bulk densities of the biochar and biocomposite PCM have been determined according to 

ASTM D1622-08 [213].  The surface morphologies of the materials are analyzed using Field 

Emission Scanning Electron Microscope (FESEM) (Make: Zeiss, Model:  Sigma). The surface 

area, pore volume and pore size of all the biochar is determined through BET surface area 

analyzer (Make: M/s Micromeritics, U.S.A, Model No: Tristar II). Crystallinity and phase 

change identification are analyzed using X-ray powder diffraction (XRD) (Make: Bruker, 

Netherlands, Model No: D8 Advance). The XRD measurements are done using Cu Kα (λ = 

0.05°/s, 1.54 Ǻ) radiation. A step size of 0.05° in the two-theta degree range of 10° to 70° is 

employed while scanning the samples. Functional groups are identified by a Fourier transform 

infrared spectrometer (FTIR) (Make: PerkinElmer, Singapore, Model: LS 45). The scanning 

range is from 4000 cm-1 to 500 cm-1. The thermal conductivity is measured using the KD2 Pro 

thermal conductivity meter, which has a needle length of 10 cm and a diameter of 2.4 mm, with 

a measurement range of 0.02 to 2.00 W/mK. For each sample, 110 g PCM-biocomposite is 

taken in an acrylic container of diameter 60 mm and height of 55 mm, and compacted in three-

layers by applying a static load of 0.1 kN using a proving ring and loading frame so that 

uniformity of each sample can be maintained [214]. The thermal conductivity of biochar is 

determined using a KD2 Pro dual-needle SH-1 sensor, with a needle length of 30 mm, a 

diameter of 1.3 mm, and a probe spacing of 6 mm. 60 g of each biochar sample is taken in an 

acrylic mould of 60 mm diameter and compacted as the same way like the biocomposite PCM. 

Thermal stability is determined using a high-temperature Thermo Gravimetric (TG) System 

(Make: Netzsch, Model: STA449F3A00) at a heating rate of 10°C/min from 30o to 500°C using 

Nitrogen. The Differential Scanning Calorimetry (DSC) experiments are performed using 

Mettler Toledo DSC 3 instrument at a heating rate of 10°C /min for a temperature range of 25-

95°C. Pure nitrogen gas is used for purging during the DSC analysis. The heat flow rate with 

change in temperature is obtained for the samples in the endothermic mode during the DSC 

analysis.  
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3.4 Experimental investigation of thermal cycling stability of biocomposite PCMs  

The thermal cycling test involves an investigation into the stability of PCMs by comparing the 

physical, chemical, and thermal properties. The material selected for the thermal cycling test is 

WH-PCM, T0_SWY-PCM, and the parent PCM (OM35). The study introduces a cost-effective 

thermal cycling chamber as a novel development and employs various characterization 

techniques to assess the properties of the PCMs before and after thermal cycles.   

3.4.1 Development of thermal cycling experimental set-up  

 

Fig. 3.2 Developed thermal cycling chamber 

Table 3.1 Design parameters for thermal cycling chamber 

Chamber dimensions (Inner)  :   DWHmm600mm600mm500   

Cabinet walls :  Polycarbonate twin-wall sheet (10 mm thickness) 

Door :  Polycarbonate twin-wall sheet (10 mm thickness) 

with magnetic and rubber sealant 

Insulation :  3 cm glass wool (thermal conductivity: 0.040 W/mK)  

Heating element :  One incandescent bulb (150 W)  

Cooling system :  Peltier cooling element: 8 numbers (Model no. 

12706, 12 V) 

 Water cooling block: 8 numbers (40 mm x 40 mm x 

12 mm) 

 Aluminum heat sink radiator: 8 numbers (40 mm x 

40 mm x 20 mm) 

 DC water pump and Fan (12 V) 

 Pipe (CPVC ¾ and silicon 10 mm thickness) and 

connector 

Temperature controller  :  Sub-zero temperature controller (Model no. 

SZ7529T) 
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Thermal cycling chambers are used to observe the effects of temperatures on a product or 

material in varying temperature ranges. Though commercial thermal cycling chambers are 

available in the market, the high installation cost is a big challenge that needs the attention of 

the scientific community. The current study describes the design and development of a simple, 

inexpensive and light-weight thermal cycling chamber to simulate natural climatic conditions 

and perform tests involving simultaneous heating and cooling, as shown in Fig.3.2. The key 

design parameters of the thermal cycling chambers are listed in Table 3.1. The detailed design 

procedure and calculations are presented in Appendix I.  

3.4.1.1 Heating and cooling rate in the thermal cycling chamber 

 

Fig. 3.3 Temperature variation inside the 

chamber w.r.t. time during heating mode 

 

Fig. 3.4 Temperature variation inside the 

chamber w.r.t to time during cooling mode 

Fig.3.3 and Fig.3.4 represent the temperature variation inside the thermal cycling chamber 

during the heating and cooling modes. The heating rate inside the chamber is 1.6o C/min. The 

cooling rate inside the chamber is 0.6o C/min. Table 3.2 shows the comparison of the main 

parameters of the developed chamber with a commercial chamber. The cost of the chamber is 

significantly reduced with a comparable heating and cooling rate.  

Table 3.2 Comparison of the developed and commercial thermal cycling chambers 

 Developed thermal cycling  
Chamber 

Climate thermal chamber 
 (STERICOX™)[215] 

Inner dimensions (HWD) mmmmmm 600600500   mmmmmm 800600850   

Temperature Range (oC) 25  to 50 -20 to 150 

Heating rate (oC/min) 1.6 2.0-4.0 

Cooling rate (oC/min) 0.6 0.7-1.0 

Cost of the product (INR) 65,000 (manufacturing cost) 12,65,000.00 (market price) 
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3.4.2 Thermal cycling test method  

 

Fig. 3.5 Schematic of thermal cycling test 

In the experimental procedure, each PCM, weighing approximately 25 g, is placed on a glass 

plate within a thermally insulated chamber, as shown in Fig.3.5. The PCM undergoes a cycle 

where it is heated above its melting point and then cooled below the solidification temperature. 

This process constitutes one cycle, with the chamber temperature maintained between 25-45°C. 

Immediate cooling follows complete melting, and each charging and discharging cycle lasts 

for 180 minutes. The experiments encompass 500 cycles, and samples are extracted after the 

50th, 100th, 150th, 200th and 500th cycles for future analysis. The PCMs are labelled as WH-

PCM_0, T0_SWY-PCM_0, WH-PCM_500, and T0_SWY-PCM_500, indicating the number of 

completed cycles for each respective PCM. 

 

3.4.3 Characterization of the selected biocomposite PCMs after thermal cycling 

The procedure for the leakage test and characterization is already described in previous 

Sections 3.3.1 and 3.3.2. The leakage stability of the PCMs is performed on filter paper 

(Whatman grade 1) of 11-μm size and 125 mm diameter. The surface morphologies of the 

materials are analyzed using Field Emission Scanning Electron Microscope (FESEM) (Make: 

Zeiss, Model: Sigma 300). The crystallinity of the materials has been investigated through a 
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9KW Powder X-ray diffraction (XRD) System (Make: Rigaku Technologies, JAPAN, Model: 

Smartlab). The Fourier Transform Infrared (FTIR) spectra to know the functional groups of the 

material are obtained through an IR Spectrophotometer (Make/model: Thermo Fisher Thermo 

Nicolet iS10). The different thermal properties are measured through differential scanning 

calorimeter (DSC) analysis (Make: TA Instruments, Model: DSC 25) with a heating rate of 

10oC/min. The accuracy analysis of the major instruments has been added in Table 3.3.  

Table 3.3 Accuracy of major testing instruments 

Instrument Name Accuracy of the instrument 

Hot air oven ±0.2oC 

Weighing balance ±0.001 g 

Thermal cycling chamber ±0.25oC 

X-Ray Diffractometer ±0.00004o 

Differential Scanning Calorimeter Temperature: ±0.1oC, enthalpy: ±0.1%  

 

3.5 Results and discussion on characterization of biocomposite PCM 

3.5.1 Leakage test results 

The leakage test determines the percentage of shape stability of pure PCM obtained after the 

composite formation, which is very important for the practical applicability of the composite 

PCM. Figures 3.6 and 3.7 show the leakage test photographs of the area covered by different 

compositions and the mass loss of each composition, respectively. No leakage can be visualized 

with compositions 4:6 and 5:5. For the mentioned compositions, the mass of biochar is more 

compared to PCM, so the mass of PCM is insufficient to be dispersed into the biochar matrix. 

The composite formation is incomplete for the compositions 4:6 and 5:5. A very small amount 

of liquid traces can be observed with the 6:4 compositions, with a mass loss of 9.75%. 

Minimum leakage is observed with the 6:4 composition because the porous biochar protected 

the melting of PCM through capillary action and surface tension force [216].   
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Initial state Leakage 

after 15 

minutes 

Leakage 

after 30 

minutes 

Initial state Leakage 

after 15 

minutes 

Leakage 

after 30 

minutes 

      

(a) 4:6 composition (b) 5:5 composition 

      

(c) 6:4 composition (d) 7:3 composition 

      

(e) 8:2 composition (f) 9:1 composition 

     

(g) OM 35 

Fig. 3.6 Extent of leakage of the different compositions (a) 4:6 mix, (b) 5:5 mix, (c) 6:4 

mix, (d) 7:3 mix, (e) 8:2 mix, (f) 9:1 mix, (g) OM 35 

The different organic surface functional groups (E.g., Ketones, Hydroxyl, and Pyridine) present 

in the biochar form hydrogen bonding and van der Waals forces with OM35 and thus prevent 

excessive leakage [217,218]. The other three samples with higher PCM content (7:3, 8:2, 9:1) 

showed a noticeable amount of leakage. The composition 9:1 saturated almost the entire filter 

paper with liquid PCM traces, and the highest mass loss is observed with that particular 

composition. This is due to the fact that the amount of OM35 is excessive compared to biochar, 

and so the biochar is unable to encapsulate the PCM in the pores. As composition 6:4 is best 

in terms of formation stability on filter paper and negligible mass loss, it is selected for further 

experimentation for all the biocomposite PCM. 
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Fig. 3.7 The percentage mass loss of different compositions during the leakage test 

3.5.2 Physical property analysis 

3.5.2.1 Bulk density analysis 

Table 3.4 The bulk density of the biochar and their respective biocomposite PCMs 

Encapsulation 

material 

Density (kg/m3) PCM Density 

(kg/m3) 

SCB biochar 119.497±0.004 SCB- PCM 425.506±0.015 

WH biochar 152.300 ±0.007 WH- PCM 510.215±0.004 

YO biochar 240.193±0.008 YO -PCM 580.196±0.004 

B1_SW biochar 139.596±0.011 B1_SW-PCM 440.293±0.004 

B2_SY biochar 183.170±0.007 B2_SY-PCM 364.156±0.004 

B3_WY biochar 146.039±0.001 B3_WY-PCM 371.493±0.008 

T0_SWY biochar 197.503±0.004 T0_SWY- PCM 440.320±0.012 

Table 3.4 shows the apparent bulk density of both the encapsulating material and its respective 

biocomposite PCM. Higher bulk density indicates higher volumetric energy storage densities 

for a specified space, and YO-PCM showed the highest bulk density among all the composite 

PCMs. The increased bulk densities of the biocomposite PCM compared to those of their 

respective biochar show that PCM is entrapped in the pores of the biochar matrix during 

composite formation.  
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The mesoporous structure of biochar is highly appreciated as a scaffold material, as the 

microporous structure negatively affects the thermal storage capacity of PCM, and the 

macroporous structure provides less capillary force. Moreover, the active hydroxyl group 

present in biochar enhances the sorption capability of the PCM. It is expected that biochar-

based carbon material will increase the loading ratio of PCM, thereby increasing the thermal 

properties of composite PCM [219].  

3.5.3 Morphology and porosity analysis 

3.5.3.1 BET analysis 

 

Fig. 3.8 Nitrogen adsorption-desorption isotherms for seven biochars 

The biomass-based porous carbon with a high specific surface area used as an encapsulating 

scaffold is capable of absorbing a large amount of PCM. The N2 adsorption and desorption 

experiment investigated the BET-specific surface area and pore-size distribution of the 

prepared composite. The isotherms, as shown in Fig.3.8, can be categorized under type II/IV 

isotherm, confirming the presence of wide mesopores; the highest adsorption value is found at 

a relative pressure (P/Po) of 0.95-1.0 [220]. The mesoporous structure is the most preferred 

option as an encapsulating medium because the presence of too small pores (microporous) 
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results in molecular motion hindrance, thus hampering desired thermal performance, and too 

large (macrospores) pores cannot offer liquid stability of molten PCM [221].  

Table 3.5 BET analysis and comparison of different encapsulation materials 

Encapsulation 

material name 

SBET 

(m2/g) 

Pore Volume 

(cm3/g) 

Pore size (nm) References 

SCB 17.78 0.025 12.86 This study 

YO 14.37 0.018 13.62 This study 

WH 14.00 0.042 11.92 This study 

B1_SW 1.80 0.020 28.14 This study 

B2_SY 4.99 0.019 3.71 This study 

B3_WY 2.54 0.015 3.71 This study 

T0_SWY 16.09 0.039 3.18 This study 

Rice husk 8.57 0.015 3.84 [222] 

Miscanthus Straw 37.20 Not given Not given  

Oilseed Rape 77.60 0.23 1.5-16.81 [220] 

Sewage Sludge 7.40 0.03 1.5-16.8  

Raw diatomite 19.06  

Not given 

 

2.50  

 

[223] 

Purifieddiatom frustules 35.05 3.11 

sintereddiatom frustules 228.28 14.52 

Natural Sepiolite 1 18.91  

 

Not given 

18.95  

 

[224] 

Natural Sepiolite 2 10.89 10.79 

Natural Sepiolite 3 63.52 19.81 

Treated Sepiolite 1 20.37 16.46 

Treated Sepiolite 2 15.18 8.15 

Treated Sepiolite 3 105.35 14.95 

Table 3.5 compares the pore size values of different encapsulating media, and the developed 

biochars show a similar pore size distribution as found in the literature. All the pores are in the 

mesoporous range (2-50 nm) because of the wider opening of the feedstock due to the 

powdered particle size of all the biomasses. The tubular structure of lignocellulosic biochar 

makes it richer in microporosity, thus a suitable candidate for the impregnation method [225]. 

At 550oC, dehydration of cell structure happens, contributing to the small pores. The study also 

revealed that at a heating rate of 10oC/min, the volatile matter is released from the surface of 
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biomass, and thus, an open fiber structure is formed, and cavities within biochar can be seen 

[226]. The highest surface area is found in the T0_SWY-PCM sample because of the presence 

of a comparatively smaller pore size among the seven samples. The pore size of blended 

biochars (except B1_SW) results in a smaller pore size, which may be caused by the 

decomposition of one biomass that may cover the pores of the other biochar, resulting in pore 

blockage [227]. According to the BET values, three biochar samples (WH, SCB and T0_SWY) 

are recommended as impregnation media based on their higher surface area and pore volume.  

3.5.3.2 FESEM analysis 
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Fig. 3.9 FESEM images of different biochar and their respective composite PCMs, (a) SCB, 

(b)SCB-PCM, (c)WH, (d) WH-PCM,(e) YO, (f) YO-PCM, (g) B1_SW, (h) B1_SW -PCM, (i) 

B2_SY, (j) B2_SY-PCM, (k) B3_WY, (l) B3_WY-PCM, (m) T0_SWY, (n) T0_SWY -PCM 

The FESEM images of the biochar and biocomposite PCM are demonstrated in Fig.3.9. The 

morphological analysis of the samples gives an insight into the pore development of biochar 
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when subjected to a higher temperature. The surface of all the biochar can be seen as porous. 

The thermal decomposition of cellulose and hemicellulose and the volatile matters at high 

temperatures (550oC) lead to the highly porous structure of all the biochars. SCB is full of tiny 

pores, which are distributed homogeneously, as seen in Fig.3.9 (a). The micrographs (Fig.3.9 

(c)) of WH show uneven pores and irregular structure. Fig.3.9 (e) shows a highly porous 

structure for YO, and the pores seem to be nearly round. B1_SW shows a honeycomb-like 

structure, as shown in Fig.3.9 (g), which originated from the tubular plant cells present in SCB 

[228]. B2_SY, as displayed in Fig.3.9 (i), is composed of oval-shaped pores extended in a 

tubular structure. Fig.3.9 (k) reveals that B3_WY pores are not evenly shaped, but rectangular 

cross-sections can be seen, which are long in nature. The pores of T0_SWY are not 

homogeneous, and a non-uniform structure can be observed in Fig.3.9 (m). All the biochar 

composed of SCB shows a tubular structure because of the presence of vascular bundles in 

their feedstock [225]. FESEM images of all the biochars result in an extremely rough and 

lamellar structure consisting of vascular veins that are perfect for absorbing melted PCM 

through surface tension and capillary force. After absorption of PCM, all the rough surfaces of 

the biochar matrix become smooth in nature Fig.3.9 (b,d,f,h,j,l,n). The pores are completely 

filled with a uniform dispersion of the melted PCM. Interconnected open pores provide the 

PCM to penetrate through capillary action. The dispersion looks very uniform with little 

agglomeration of the PCM on the porous matrix. Among the seven biochar matrices, the wider 

and systematic hexagonal long pores of SCB biochar and SCB blended biochars can be treated 

as the most suitable option as a supporting matrix.  

3.5.4 Chemical property analysis 

3.5.4.1 FTIR analysis  

FTIR spectroscopy is used to characterize the physical and chemical interactions between PCM 

and the encapsulating matrix (biochar). Fig.3.10 represents the individual comparison of 

biocomposite PCM and biochar for all the samples. FTIR analysis is performed to evaluate the 

intermolecular interactions between the molecules of PCM and the biochar. The spectra of all 

the composites without any new absorption peaks verify that the interaction between the two 

materials is purely physical. Thus, the chemical properties of the new biocomposite PCM will 

be identical to the parent PCM (OM 35). The visible range and its respective explanation are 

provided in Table 3.6. The presence of aliphatic (C-H) and Carbonyl groups (C-O) is 

predominantly visible for all the PCMs. Aliphatic functional groups confirm the composite 

material as a chain of alkane hydrocarbon material. YO-PCM shows some peculiar behavior 
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compared to the others, implying a possibility of chemical interaction between the two 

materials. The intensity of peaks is observed to be decreased in the composite PCMs than in 

the parent PCM. According to the Beer-Lambert law, the phenomena of weak intensities are 

caused by decreases in the functional groups per unit volume present on that molecular bond 

with the composite formation.  

Table 3.6 Visible wavelengths and their respective functional groups  

Wavelength 

(cm–1) 

Visible range 

from this 

work 

(cm–1) 

Band 

assignment 

Functional 

group 

Remarks 

3000–3400  O–H Hydroxyl  

2700–2900 2750-3000 C–H Aliphatic -CH3 and CH2, 

C-H stretching vibration 

of CH2[229] 

2918-2850 CH asymmetric and 

symmetric stretching 

vibration [230] 

1400–1700 1700-1740 C=O, C=C Carbonyl C=O vibration 

1467   C–H bending vibration of 

CH2 [229] 

1200–1300 1250-1500 C–H Phenols Single and double bond 

O-H 

1373 C–H bending vibration of 

CH3 [229] 

1000–1200 900-1200 C–O Cellulose, 

hemicellulose 

and lignin 

 

600–799 719 C–H Pyridine -CH2 stretching vibration 

of PCM [230] 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 
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Fig. 3.10 FTIR characteristics curves of biocomposite PCMs, (a) SCB and SCB-PCM, (b) 

WH and WH-PCM, (c) YO and YO-PCM, (d) B1_SW and B1_SW-PCM, (e) B2_SY and 

B2_SY-PCM, (f)B3_WY and B3_WY-PCM, (g) T0_SWY and T0_SWY-PCM 

3.5.4.2 XRD analysis  

 
 

(a) (b) 

  

(c) (d) 

 

(g) 
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(e) (f) 

 

(g) 

Fig. 3.11 XRD curves of biocomposite PCMs, (a) SCB and SCB-PCM, (b) WH and WH-

PCM, (c) YO and YO-PCM, (d) B1_SW and B1_SW-PCM, (e) B2_SY and B2_SY-PCM, 

(f)B3_WY and B3_WY-PCM, (g) T0_SWY and T0_SWY-PCM 

 

Fig.3.11 is the representation of all the XRD curves and their comparison of the biocomposite 

PCM and the original PCM. It is quite evident from the high-intensity peaks of XRD curves 

that OM35 and the newly developed composite possess extreme crystalline structures at an 

atomic level. The exact atomic planes specified by Miller indices (111) and (200) of OM35 can 

be observed with the samples T0_SWY-PCM, SCB-PCM, and B2_SY-PCM, confirming a 

similar atomic arrangement of the developed PCM. These results indicate that the crystal 

structure of OM35 is not affected by the addition of biochar and the fabrication process [231]. 

In the case of two samples, namely B1_SW-PCM and B3_WY PCM, one extra peak is found 

at an approximate angle of 40.5o about the atomic plane (310) of their respective biochar 

sample. Similarly, the WH-PCM sample shows four distinctive peaks, which imply (111) and 

(200) planes of OM35 and (210) and (310) planes of WH biochar. In all the above three cases, 

the peaks of respective biochars get superimposed over the PCM, which does not affect the 
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crystal structure of the composite PCM [232]. The XRD pattern of the YO-PCM sample has a 

peak at a 2θ angle of 23.4o, which is not present either in the supporting matrix or in the parent 

PCM. The unusual peaks detected for the YO-PCM sample imply a possibility of chemical 

interactions between biochar and OM35, and this developed PCM may lose the properties of 

the parent PCM. Other than YO-PCM, for all other composite PCM, weak hydrogen bonding 

or van der Waals forces may be the key attraction between the biochar and PCM [223]. A 

similar trend of decreasing diffraction peak intensity of composite PCM compared to the 

original PCM can be observed for all the XRD curves, which can result from the decrease in 

crystallite size with the influence of the biochar pores [233]. The biochar pores restrict the 

formation of big crystallite grains by promoting the development of small crystallite grains 

[234]. The analysis concludes that, other than the YO-PCM sample, no new diffraction peaks 

are observed for all the new PCM, and only physical interactions happen between OM35 and 

the biochar in the composite preparation process.  

3.5.5 Thermal properties (TGA, DTG, DSC and Thermal Conductivity) 

3.5.5.1 TGA analysis 

The thermal stability of all the developed biocomposite PCMs is compared with the original 

PCM through TGA curves, as shown in Fig.3.12. Thermal stability is a critical parameter for 

energy-saving materials, and the graph ensures that the developed PCMs are thermally more 

stable than the original PCM. The higher stability is achieved through the strong confinement 

effect of the supporting matrix, which prevents the seepage of OM35 [235]. The mass loss 

percentage of OM35 is 99.98%, whereas it is 54.55% for YO-PCM. The differential 

thermogravimetric spectra (DTG), as shown in Fig.3.13, reveal that the peak degradation 

temperatures obtained with the composite PCM are higher, except for YO-PCM, than those of 

the original PCM. The physical affinity of biochar provides successful prevention of a 

discharge of vaporized n-alkane molecules from the PCM chain. The developed green PCMs 

show no thermal degradation at the desired operating temperature of building applications. It 

can be seen from the DTG curves that when blended with biochar, all the biocomposites are 

thermally stable up to approximately 110oC. This observation proves that biochar can be 

applied with commercial PCM for moderate solar temperature storage applications.  
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Fig. 3.12 TGA comparison graphs for OM35 and developed biocomposite PCMs 

 

Fig. 3.13 DTG graphs for OM35 and developed biocomposite PCMs 
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3.5.5.2 DSC analysis 

he DSC endothermic curves of all the materials are presented in Fig.3.14. The Melting point 

and heat of fusion for biocomposite PCM are calculated and mentioned in Table 3.7. Tonset 

from the DSC curve is used to represent the melting point for all the biocomposite PCM in 

Table 3.7. The encapsulation ratio (ER) of each biocomposite PCM is calculated as per Eq. 

3.2. 

PCMm

tebiocomposim

H

H
ER

,

,
  (3.2) 

where tebiocomposimH ,  is the melting enthalpy of the biocomposite PCM, and PCMmH , is the melting 

enthalpy of the PCM (OM35). 

 

Fig. 3.14 DSC curves of different biocomposite PCM 

 

TH-4107_206154005



 

Development and characterization of biocomposite PCM 

Page | 84 

 

Table 3.8 Melting point, heat of fusion and specific heat comparison for biocomposite PCM 

Sample name Melting point 

(oC) 

The heat 

of fusion 

(J/g) 

Encapsulation 

Ratio (ER) 

References 

SCB-PCM 31.50 91.50 0.53 This study 

YO-PCM 31.83 51.39 0.30 This study 

WH-PCM 31.50 66.63 0.39 This study 

B1_SW-PCM 31.50 98.82 0.58 This study 

B2_SY-PCM 31.83 91.26 0.53 This study 

B3_WY PCM 31.33 98.16 0.57 This study 

T0_SWY PCM 31.33 98.55 0.58 This study 

PEG/Diatomite composite 27.80 87.09 Not given [236] 

FS PCM 3 27.90 85.80 Not given [237] 

 

Among the biocomposite PCMs, B1_SW-PCM and T0_SWY PCM exhibit the highest heat of 

fusion and maximum encapsulation ratio of 58%, while these two parameters are lowest for 

YO-PCM. T0_SWY biochar shows much higher pore volume and specific surface area in 

comparison to YO biochar, which resulted in greater surface tension and capillary force exerted 

by the fluid media (PCM). This may possibly be the main reason for obtaining a higher heat of 

fusion and encapsulation ratio with T0_SWY-PCM [238]. The chemical analysis (both XRD 

and FTIR analysis) in previous sections also confirms that YO-PCM loses the properties of the 

parent PCM on a molecular level. The DSC analysis of YO-PCM shows multiple blunt melting 

peaks, e.g., between 45°C and 55 55°C. A smaller and similar endothermic peak is also 

observed with B1_SW, B3_WY and T0_SWY. These smaller, blunt peaks can result from 

different crystallographic forms and crystallites of various sizes. Another reason may be the 

melting of OM35 and biochar blends at two different temperatures. Though the melting point 

temperature is slightly lower than that of the parent PCM, all of them are in the same range. 

The range is very suitable for use in solar PV/T and building applications[29,143]. The melting 

point depression is caused due to several reasons, viz. (i) smaller crystal grains formed with 

the influence of biochar, (ii) the enhancement of surface to volume ratio in the composite 

material compared to bulk original PCM, (iii) the weak interaction of PCM and the inner 

surfaces of the supporting matrix, and (iv) increase irregularities in PCM crystals due to pores, 

thus increase in a lattice defect [235,239]. According to the simple mixing theory, the 

theoretical melting heat of fusion is calculated as Eq. 3.3 [240]. The value is found to be 102.6 
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J/g, which is comparable with the experimental values of PCMs blended with binary and 

ternary biochar. 

)1(  PCM

m

theortical

m HH  (3.3) 

 where 
ltheoritica

mH  is the theoretical enthalpy of biocomposite PCM, 
PCM

mH is the measured 

enthalpy of PCM [211],   is the weight fraction of supporting material. 

The possibilities for the cause of the lower heat of fusion for the developed green composites 

compared to the original PCM are many. One possibility is that the decrease in mass fraction 

of PCM (60 wt.%) in the biocomposite is greater than that of pure PCM [230]. The non-melting 

enthalpy of added biochar significantly affects the melting enthalpy of PCM [241]. Another 

reason may be the difference in the specific heat of biochar and OM35, which affects the 

thermal absorbance of the composite [46]. The pore characteristics and surface tension also 

greatly influence the heat of fusion of the composite PCM. The decrease in enthalpy also results 

from the weak intermolecular forces that restrict the natural movement of the paraffin chain 

(the aliphatic functional groups share a major percentage in the biochar-based PCMs, as evident 

from the FTIR study, too) [219]. Based on the DSC analysis, binary blends and ternary blend 

biochar with PCM have a higher heat of fusion and are recommended for thermal energy 

storage in building applications. The calculated melting point and heat of fusion values show 

good agreement with the previous works [236,237].  

Table 3.9 Average specific heat capacity of the biocomposite PCM 

SCB-

PCM 

(J/g/K) 

WH-PCM 

(J/g/K) 

YO-PCM 

(J/g/K) 

B1_SW-

PCM 

(J/g/K) 

B2_SY-

PCM 

(J/g/K) 

B3_WY-

PCM 

(J/g/K) 

T0_SWY-

PCM 

(J/g/K) 

Cps Cpl Cps Cpl Cps Cpl Cps Cpl Cps Cpl Cps Cpl Cps Cpl 

0.33 0.89 1.63 3.86 0.16 0.47 1.67 3.04 1.97 2.89 2.22 3.57 1.01 1.97 

Table 3.8 presents the values for the average specific heat capacity for all the biocomposite 

PCM, both in the solid and liquid states. The average specific heat is calculated for the 

temperature range of 31-32oC for all the biocomposite PCM. The specific heat capacity 

indicates the sensible heat storage capacity of the PCM, thus very useful for designing the 

volume of the storage system [242]. Since the specific heat capacity depends on the density of 

the material, it can be seen from Table 3.4 that as the density increases, the specific heat of the 

material decreases for the current study. 
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3.5.5.3 Thermal conductivity test 

Table 3.10 The thermal conductivities of the biochar 

Sample Name  SCB WH YO  B1_SW B2_SY B3_WY T0_SWY 

Thermal 

Conductivity 

(W/mK) 

0.103± 

0.001 

0.125± 

0.001 

0.069± 

0.001 

0.127± 

0.001 

0.096± 

0.001 

0.109± 

0.001 

0.124± 

0.001 

 

Based on the results obtained from the morphological, structural, chemical and thermal 

analysis, the best four biocomposite PCM are selected for the test. WH-PCM, SCB-PCM, 

B1_SW-PCM and T0_SWY-PCM are the PCMs chosen, and further analysis will be compared 

with the pristine PCM. As presented in Fig.3.15, the obtained value can be comparable with 

the previous results for lauric acid/ activated carbon shape stabilized composite and n-

octadecane activated carbon nanocomposite [243,244]. The thermal conductivities for the WH-

PCM and T0_SWY-PCM samples are found to be 50.55% and 23.01% higher than OM35, 

respectively. The higher thermal conductivity may be a reason for the carbon network of 

biochar, which provides heat conduction channels [245]. The phonon motion in the matrix of 

PCM in a particular direction over a long distance can increase the thermal conductivity. An 

unexpected decrease in thermal conductivity can be observed with SCB-PCM and B1_SW-

PCM. Hekimoglu et al.[245] also revealed that sometimes higher porosity adversely affects the 

thermal conductivity, as higher porosity means more air voids, and air always provides thermal 

resistivity. The decrease in phonon transmission for PCM with a supporting matrix can also 

lead to low thermal conductivity. Another justification for reducing thermal conductivity may 

be the formation of turbostatic carbon of biochar, which forms during the pyrolysis of 

respective biomasses [246]. As the density of the SCB is the lowest among all biochars, the 

mass proportion of biochar in SCB-PCM is the highest. The low thermal conductivity of 

biochar may cause a reduction in the overall thermal conductivity in the SCB-PCM composite 

[245,247]. Table 3.9 shows the values of thermal conductivities of all the biochars, which 

indicates that the value of thermal conductivity of biochar and the respective biocomposite 

PCM fall within the same range. Thus, the study of thermal conductivity of encapsulating 

material prior to composite formation can give an idea about the overall thermal conductivity 

of the composite, which will minimize the energy and time needed for composite formation. 

The present study highly recommends the addition of nanostructured metal powder for thermal 
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conductivity enhancement. Hybrid nanoparticles have been reported to be successful in 

increasing thermal conductivity and enthalpy of solidification [248]. 

 

Fig. 3.15 Thermal conductivity comparison of PCM (OM 35), SCB-PCM, B1_SW-PCM, 

WH-PCM and T0_SWY PCM 

 

3.6 Results and Discussion on thermal cycling stability of biocomposite PCM 

3.6.1 Change in physical appearance 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Fig. 3.16 Images of PCMs before and after thermal cycling test, (a) OM 35_0 (solid), (b) 

OM35_200 (solid), (c) OM 35_0 (liquid), (d) OM 35_200 (liquid), (e) WH-PCM_0, (f) WH-

PCM_200, (g) T0-SWY PCM_0, (h) T0-SWY PCM_200 
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Fig.3.16 shows the visual appearance of OM35, WH-PCM and T0-SWY PCM. The visual 

inspection reveals that there is a slight discoloration happening for OM35. A yellowish color 

can be observed for the melted OM35 after cycling, which was previously clear in color. For 

the biocomposite PCMs, no such discolouration can be observed in both the melted and 

solidified states. This appearance inspection proves that the developed PCMs are physically 

stable after cycling.  

3.6.2  Leakage test result after thermal cycling 

 

Fig. 3.17 Leakage test on filter paper 

The matrix employed in the production of shape-stable PCM must exhibit thermal stability and 

chemical compatibility with the PCM it supports. Failure to meet these criteria could result in 

matrix degradation during thermal treatments, rendering it ineffective in its intended role of 

shielding against leakage. The leakage photographs, as shown in Fig.3.17, show that OM35 is 

strongly made leak-proof with the porous biochar matrix, which is not visible for the original 

PCM. The photographs of the leakage test after 15 minutes and 30 minutes show no leakage 

on the filter paper for WH-PCM and T0_SWY-PCM. The leakage of OM35 after 15 minutes 

is also not very significant; a 0.89% change in the area has been observed compared to the area 

covered before the test. 

On the other hand, after 30 minutes, the leakage is prominent, which covers 13.52% of the total 

area of the filter paper, which is 9.9% more area than the area before the test. The dense 

structure of biochar enhances the structural stability of OM35 due to the excellent degree of 
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wettability of OM35 with both biochar matrices. The ability of molten PCM to wet the surface 

of the biochar matrix influences the capillary force, and this effect remains consistent after 500 

cycles for both biocomposite PCMs [249]. Thermal cycling has not affected the wettability of 

the PCM with biochar, which is a good sign for use in buildings [204]. The mass loss leakage

for the leakage test has been calculated as per Eq.3.1. 

 

Fig. 3.18 Comparison of the mass loss of the PCMs during the leakage test 

The loss of mass percentage in the leakage test after 500 thermal cycles is 8.74%, 0.24% and 

0.49% for OM35, WH-PCM, and T0_SWY-PCM, respectively, as shown in Fig.3.18. The mass 

loss of biocomposite PCMs can be negligible due to the flexible skeleton provided by the 

biochar matrix, which does not collapse due to thermal cycling.  The biochar matrix is able to 

hold the volume expansion of PCM during melting, and the leakage problem has been 

completely taken care of. During composite formation, some of the pores of the biochar matrix 

should remain unfilled to provide the space for accommodating the melted PCM during phase 

transition. If all the pores get filled, then the volume expansion that happens during melting 

will leak and will be visible on the filter paper. The structure of the developed biocomposite 

PCM remains unchanged after thermal cycling. Satisfying this specific criterion demonstrates 

that the expansion in volume when biocomposite PCMs melt will not pose challenges regarding 

the dampening of building materials by the released PCM. 
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3.6.3 Surface morphology analysis after thermal cycling 

  

  

  

Fig. 3.19 FESEM images of (a) WH-PCM_0, (b) WH-PCM_200, (c) T0_SWY-PCM_0, (d) 

T0_SWY-PCM_200, (e) WH-PCM_500, (f) T0_SWY-PCM_500 

The FESEM images of the biocomposite PCMs are shown in Fig.3.19. It is clear from the 

figure that biochar is a 3D supporting matrix, which can provide enough porosity and a large 

specific surface area. As biochar is a porous carbon material, it is known as a lightweight 3D 

matrix, which is advantageous to provide structural stability [249].   

The melted PCM fills the porous matrix of biochar, and the dispersion is homogeneous, which 

is confirmed by the FESEM images. There is no change in the structure after thermal cycling 

for both WH-PCM and T0_SWY-PCM. The melted PCM penetrates through the pores of 

biochar due to capillary action and surface tension force. After thermal cycling, the impact of 

capillary action and surface tension force is still present. In application, PCM undergoes 

consecutive heating and cooling thermal cycles. Therefore, the supporting matrix should be 

able to resist the thermal shock and maintain structural rigidity. No cracks have been 
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highlighted on the surface of the two biocomposite PCMs, implying that both biochar matrices 

are able to sustain thermal fatigue. These images confirm that the developed biocomposite 

PCMs maintain their structural integrity even after repeated freezing and melting cycles. 

Another important factor is that the supporting matrix should not decompose because of the 

repeated thermal cycling process. The consistent surface morphology observed in the 

developed PCMs before and after cycles suggests that there has been no decomposition of 

biochar within the temperature range relevant to building applications.  

3.6.4 XRD analysis after thermal cycling 

 

 

 

 

 

(a) (b) (c) 

Fig. 3.20 XRD images of samples of (a) OM35, (b) WH-PCM, (c) T0_SWY-PCM 

The XRD graphs for the three samples after the 50th, 100th, 150th, 200th, and 500th cycles have 

been shown in Fig.3.20. The atomic arrangement and crystallinity of the uncycled and cycled 

OM35 are exactly the same, as confirmed by the XRD results. The two peak diffraction angles, 

i.e., 21.54o and 23.66o, represent the atomic miller indices of (111) and (200), respectively. The 

two atomic planes have not changed for all the samples of OM35. Similarly, the same atomic 

planes can be visible from T0_SWY-PCM when the thermal cycles are not performed. After 

completing 100 cycles, another diffraction peak at 40.8o has been found to exist for T0_SWY-

PCM, which appears for the atomic plane (310). The (310) plane is exactly matching with the 

biochar matrix, which was published earlier [250], and thus, it can be assured that no chemical 

structure change happens during the thermal cycles. Similarly, the planes specified by Miller 

indices (111), (200) and (310) can be found for all the samples of W-PCM.  
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Table 3.10 presents the crystallite size and lattice strain percentage for the three PCMs. The 

crystallite size has been calculated by using the Scherrer formula, as stated in Eq.3.4 [251]. 






cos

K
D  (3.4) 

where D  is the crystallite size  nm , K  is the Scherrer constant, which is taken as 0.94 for 

this case,   is the wavelength of the X-ray (1.5 Ǻ),   is the full width at half maximum 

(FWHM) of the XRD peak in radians and   is the Bragg angle.   

The only visible difference is that the diffraction angle at around 21o broadens as more thermal 

cycles are performed. The broadening of the diffraction angle indicates that the crystallite size 

of the composite PCM may decrease, which is supported by the data provided in Table 3.10 

for WH-PCM_500. Another reason for the broadening of XRD peaks may be the 

inhomogeneous strain generated during thermal cycling.  

Table 3.11 Comparison of Crystallite size of OM35 and biocomposite PCMs 

Sample name Crystallite size (nm) Lattice strain 

OM35 15.095  0.011 

WH-PCM_0 22.120  0.006 

WH-PCM_500 29.819 0.003 

T0_SWY-PCM_0 19.683 0.009 

T0_SWY-PCM_500 26.670 0.005 

 

3.6.5 FTIR result after thermal cycling 

The FTIR characterization has been performed to assess the chemical changes in functional 

groups after performing thermal cycles. Fig.3.21 illustrates the comparison of FTIR graphs of 

uncycled and cycled OM35, WH-PCM and T0_SWY-PCM, respectively. Hydroxyl groups are 

characterized by wavelengths falling within the range of 2800-3000, while aliphatic groups, 

indicated by stretching vibration of C-H bonds of CH2, are observed in the 2700-2900 

wavelength range. Carbonyl groups associated with the vibration of C=O and C=C double 

bonds are identifiable in all PCMs. Phenols are denoted by the bending vibration of the single 

bond C-H of CH3 in the 1200-1300 range, and pyridine is represented in the 600-700 range 

[250]. No notable new absorption peaks are detected in the thermal cycling process for all three 

figures, confirming the stability of functional groups, primarily aliphatic and carbonyl, between 

TH-4107_206154005



 

Development and characterization of biocomposite PCM 

Page | 93 

 

uncycled and cycled materials. The thermal cycle comprises the sequential rupture and 

recombination of segments within the PCM, without any accompanying new chemical 

reactions [252]. The weakened intensity of peaks in cycled PCMs suggests a reduction in 

functional groups per unit volume compared to uncycled ones. Another reason for such a 

reduction may be the presence of weak hydrogen bonding that binds the biochar matrix with 

OM35 or particle agglomeration [253,254].  

 

 

 

 

 

(a) (b) (c) 

Fig. 3.21 FTIR graphs of cycled and uncycled PCMs (a) OM35, (b) WH-PCM, (c) T0_SWY-

PCM 

3.6.6 DSC result after thermal cycling 

The DSC graphs of WH-PCM and T0_SWY-PCM are shown in Fig.3.22. A shift to a lower 

temperature range in the temperature-enthalpy curve after thermal cycling is evident in both 

Fig.3.22 (a) and Fig.3.22 (b). The details of the DSC results are represented in Table 3.11. 

The melting point for WH-PCM and T0_SWY-PCM is decreased by 0.83oC and 0.46oC, 

respectively. The solidification temperature is reduced by 1.88oC and 2.13oC for both the 

biocomposite PCMs. The decrement in melting point and solidification temperature is caused 

by the effect of thermal stress caused by repeated thermal cycles [255]. It can be seen from 

Table 3.10 that upon thermal cycling, the crystallite size increases for T0_SWY-PCM.  Smaller 

crystallites have a higher surface area per unit mass compared to larger ones [256]. The 

increased surface area results in higher surface energy, and this results in higher melting 

temperatures [29,257].  
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Table 3.12 DSC results of the uncycled and cycled biocomposite PCMs 

Name Melting 

point (oC) 

Heat of fusion 

(J/g) 

Solidification 

temperature 

(oC) 

Heat of 

solidification 

(J/g) 

Degree of 

supercooling 

(oC) 

 
0 

cycle 

500 

cycle 

0 

cycle 

500 

cycles 

0 

cycle 

500 

cycles 

0 

cycle 

500 

cycle 

0 

cycle 

500 

cycles 

WH-

PCM 

31.5 30.6

7 

66.6

3 

73.52 29.67 27.79 42.9 43.98 1.83 2.88 

T0_SWY

-PCM 

31.33 30.8

7 

98.5

5 

113.5

2 

29.83 27.7 63.84 

 

85.44 1.5 3.17 

 
 

(a) (b) 

Fig. 3.22 DSC graph of biocomposite PCMs before and after cycling, (a) W-PCM, (b) 

T0_SWY-PCM 

The thermal cycling of biocomposite PCM results in higher heat of fusion and higher heat of 

solidification than the uncycled PCM, similar to the results obtained with published literature 

[258,259]. The results confirmed that with thermal cycling, the storage capacity of the 

biocomposite PCMs increased. As studied by Anand et al. [259], the change in thermal 

properties is irregular in nature for PCM, which is also confirmed by the present study.   

The degree of supercooling value of both the biocomposite PCMs has been determined using 

Eq.3.5 by considering the peak melting and solidification temperature of the DSC curve [260]. 

fms TTT   (3.5) 
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where is the degree of supercooling, mT  is the melting temperature and fT  freezing 

temperature.  

Table 3.13 Comparison of DSC results with previous studies 

References Name of 

PCM 

Thermal 

cycles 

completed 

% 

Change 

in 

melting 

point 

% 

Change 

in heat 

of 

fusion 

% Change in 

solidification 

temperature 

% Change in 

heat of 

solidification 

Babar et al. 

[261] 

Paraffin 

wax (PW1) 

500 +3.35 +3.86 -1.17 +11.66 

 Paraffin 

wax (PW4) 

500 +9.86 +5.62 -4.35 -17.80 

 Paraffin 

wax (PW5) 

500 -1.44 -33.93 -2.36 -7.41 

Dheep et 

al. [262] 

Benzamide 500 +0.02 -12.87  

 

 

 

 

 

 

 

 

 

Not 

mentioned 

 

 

 

 

 

 

 

 

 

 

Not 

mentioned 

Sharma et 

al. [263] 

Binary 

mixture of 

capric acid 

and stearic 

acid 

500 +0.64 -16.27 

 Binary 

mixture of 

capric acid 

and myristic 

acid (90:10 

wt %) 

500 +4.26 +9.23 

 Binary 

mixture of 

capric acid 

and myristic 

acid (70:30 

wt %) 

500 +13.72 -9.95 

 Binary 

mixture of 

capric acid 

and lauric 

acid (40:60 

wt %) 

500 +9.07 -22.4 

Sari et 

al.[264] 

Silica 

fume/capric 

acid-

palmitic 

acid 

composite 

1000 +5.21 -29.32  
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PCM with 5 

wt% CNT 

 

 

Not 

mentioned 

 

 

Not 

mentioned 

 Silica 

fume/capric 

acid-

palmitic 

acid 

composite 

PCM with 3 

wt% CNT 

 

 

 

 

1000 

 

 

 

 

+13.95 

 

 

 

 

-15.39 

Present 

work 

WH-PCM 500 -2.63 +10.34 -6.33 +2.4 

 T0_SWY-

PCM 

500 -1.46 +15.19 -7.14 +33.83 

The results, as shown in Table 3.11, show that upon thermal cycling, the degree of 

supercooling increases. For WH-PCM, the enhancement is 1.05°C, whereas for T0_SWY-

PCM, the enhancement is 1.67°C. The enhancement may happen because of the presence of 

impurity, as described by Yang et al. [258], which results into heterogeneous nucleation. As 

minimum supercooling is a desired option for efficient use of PCM, WH-PCM is a preferable 

option for building out of the two selected PCMs. The DSC results have been compared with 

published literature and tabulated in Table 3.12. 

3.7 Summary of the chapter 

The current chapter explains the suitability of biochar as an efficient encapsulating medium to 

prevent the leakage of organic PCM, offering desirable chemical and thermal stability. The 

produced biochar pore size lies in the appropriate mesoporous range for PCM encapsulation. 

The seepage of liquid PCM during phase transition is prevented through weak physical affinity 

between biochar and OM35. Also, the enhancement of thermal conductivity of OM35 has been 

achieved with biochar addition. The thermal cycling test confirms the leakage stability of the 

developed biocomposite PCMs. Finally, considering the physical, chemical, and thermal 

stability, biocomposite PCM with water hyacinth biochar as a supporting matrix is 

recommended for further building applications. The next chapter discusses the methodology of 

incorporating selected biocomposite PCM into brick walls and its impact on the thermal 

performance of the wall.  
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4.1  Introduction 

Brick is an integral construction component in most of the heavy-weight buildings due to their 

durability and strength. Bricks can withstand various environmental conditions and last for 

generations, and therefore, the current study selects the incorporation of biocomposite PCM 

into bricks as a viable approach. As mentioned in the last chapter, this chapter covers the 

detailed methodology of WH-PCM integration in bricks to increase their thermal mass. The 

chapter also discusses the experimental results of the effectiveness of WH-PCM on the 

regulation of indoor temperature in a scale-down building under outdoor conditions.   

4.2 Development of WH-PCM impregnated walls 

In the study, three different sets of experiments have been carried out to investigate the impact 

of incorporating WH-PCM in commercially available bricks on the thermo-mechanical 

performance. The three experimental schemes are briefly presented in Fig. 4.1. 

 

Fig. 4.1 Methodology of the study of WH-PCM incorporated bricks 
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4.2.1 Development of WH-PCM incorporated bricks for indoor experiment 

Commercially available autoclaved aerated concrete (AAC) and red clay bricks have been 

purchased from local vendors for experimentation. Bricks from the same lot are selected for 

analysis to avoid any discrepancies for both types. The properties of the bricks are tabulated in 

Table 4.1. The AAC bricks are cut into three equal sizes (15cm x 15 cm x 15 cm) for ease of 

doing experiments. 

Table 4.1 Properties of the selected brick [265] 

Brick Name Dry Density (kg/m3) Thermal conductivity 

(W/mK) 

Specific heat 

(MJ/m3K) 

AAC brick 642 0.18 0.79 

Red clay brick 1170 0.77 Not found 

 

 

Fig. 4.2 Preparation of WH-PCM incorporated  brick 

The PCM bricks are prepared as shown in Fig. 4.2. The position and thickness of the PCM slot 

have been chosen based on published literature considering Indian climatic conditions 

[143,151]. An optimization study showed that the middle of a brick wall is most suitable for 

PCM application [82]. Also, it is recommended to use PCM in cavities inside the brick rather 

than use it as a separate component of the wall, which is both financially affordable and 

technically feasible[266]. The mass of powdered biocomposite PCM (50g) has been kept 

constant for all the brick configurations. As the red clay bricks are rectangular in shape, two 

different configurations for inserting WH-PCM have been developed, as shown in Fig.4.2. 

PCM_clay brick_1 represents the configuration where the hole is made through the thickness 
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of the rectangular clay brick. The next configuration, named PCM_clay brick 2, specifies the 

hole position along the breadth of the rectangular brick. The reason behind making two slots 

on the same brick is that it is a common rural construction practice in India to lay the walls of 

residential buildings either along the thickness or the breadth of the brick, depending on the 

climatic conditions and affordability of the material. 

4.2.2 Indoor experimental set-up  

As room temperature is a major component for determining thermal comfort measurement, 

temperature fluctuation has been recorded for the preliminary study. The experiments have 

been performed under the controlled temperature range of 25-55°C in a thermal cycling 

chamber, as explained in Chapter 3. The temperature range is selected based on the typical 

ambient minimum and maximum temperatures observed during the summer season in a 

tropical climate.  To ensure the robustness of the test and to account for extreme but realistic 

conditions, the upper limit was extended to 55 °C as a factor of safety.  

 

Fig. 4.3 Design of thermal performance test on the single brick in the controlled chamber 

To measure the temperature of the blocks, two T-type thermocouples are attached to both the 

WH-PCM brick and reference brick at a distance of 120 mm and 170 mm from the heat source, 

respectively. T1 and T3 denote the temperature at measurement points located at 120 mm from 

the surface, whereas T2 and T4 represent the thermocouple measurements at a depth of 170 mm 

within the reference and the WH-PCM brick, respectively, as shown in Fig. 4.3. The standard 

bricks and PCM bricks are insulated with glass wool insulation of 3 cm thickness (except one 

face) so that one-directional heat transfer can be assumed throughout the indoor experiment. 

The uncertainty in measuring the temperature of the thermocouples is found to be ±0.25°C. A 
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data acquisition system (Make: Keysight, Model: 34972A) is attached to record the temperature 

after a one-minute interval throughout the experiment. The heating and cooling have been 

performed simultaneously such that the maximum temperature of the chamber remains below 

55oC for approximately 2.5 hours, and thereafter, the heating element is turned off and the 

chamber is cooled.  

To assess the repeatability of the experiments, each configuration is experimented under the 

same conditions three times. The repeatability of the experiments ensures a similar temperature 

profile across three trials. Although the temperature profile presented in this study is one 

representative graph from one trial, a summary of three different trials for the same time 

interval is added in Tables 4.2 and 4.3. The tables show that the maximum standard deviation 

(SD) for the experiment is within 0.015 °C. 

Table 4.2 Mean surface temperature and standard deviation for PCM-clay brick_1 

Time (min) T1 Mean ± SD 

(oC) 

T2 Mean ± SD 

(oC) 

T3 Mean ± SD 

(oC) 

T4 Mean ± SD 

(oC) 

1 26.83 ± 0.002 26.11 ± 0.010 26.45 ± 0.015 26.01 ± 0.005 

150 41.86 ± 0.001 42.14 ± 0.015 41.48 ± 0.002 40.15 ± 0.006 

300 39.58 ± 0.009 40.28 ± 0.010 39.21 ± 0.010 39.21 ± 0.008 

 

Table 4.3 Mean surface temperature and standard deviation for PCM-clay brick_2 

Time (min) T1 Mean ± SD 

(oC) 

T2 Mean ± SD 

(oC) 

T3 Mean ± SD 

(oC) 

T4 Mean ± SD 

(oC) 

1 26.65 ± 0.002 26.75 ± 0.004 26.27 ± 0.004 26.01 ± 0.012 

150 43.66 ± 0.002 40.86 ± 0.007 43.31 ± 0.004 35.30 ± 0.040 

300 37.94 ± 0.004 38.70 ± 0.003 37.56 ± 0.005 36.27 0.004 

 

4.2.3 Outdoor experimental set-up  

After selecting the best configuration of brick with WH-PCM, the next set of thermal analysis 

has been carried out on walls constructed from WH-PCM clay bricks under actual outdoor 

conditions. Before constructing walls, a slot is cut, and a WH-PCM layer is inserted on each 

brick to facilitate easier assembly during wall construction. The slots in the clay bricks are cut 

based on ease of operation using an Electric Wall Chaser with Laser Guide Groove Cutting 
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Machine (Make: ElectroStop, Model: 133 B). Therefore, two different slot positions for WH-

PCM incorporation are prepared, as shown in Fig. 4.4, with the slot cut either along the 110 mm 

side or the 70 mm thick side of the brick, respectively. A layer of 20 mm thick and 50 g 

powdered WH-PCM is then inserted within the prepared slot. Manual compression using a 

tamping bar is applied to each brick to ensure uniform material distribution. After the material 

is properly inserted, the brick is sealed with a layer of plaster to secure and protect the filled 

section. 

 

Fig. 4.4 (a)  WH-PCM brick preparation for Case II, (b) WH-PCM brick preparation for 

Case I and Case III 

After that, walls have been constructed with WH-PCM embedded red clay brick on a pre-

fabricated cast iron structure, where provisions are given for wall fabrication, as shown in Fig. 

4.5 (a,b). While the slot configurations vary due to preparation convenience, all bricks are laid 

in the wall in a uniform orientation, maintaining a consistent wall thickness of 110 mm. The 

size of each wall is 1m x 1m. No plastering is applied to any surface of the wall. Three walls 

of the tested room have been constructed as mentioned in Fig. 4.1, i.e., Case I, Case II, and 

Case III, respectively, where the WH-PCM will be positioned along the thickness of the wall. 

In Case II, the WH-PCM layer is placed at the center of the wall thickness. For this 

configuration of wall, the bricks prepared as shown in Fig. 4.4 (a) are used. Case I and Case 

III refer to WH-PCM's position near the interior of the room and exterior of the environment, 

respectively. In these cases, the brick prepared as shown in Fig. 4.4 (b) is used. The bricks are 

then laid such that the WH-PCM layer faces the interior in Case I and the exterior in Case III, 

maintaining the wall thickness as 110 mm.  The fourth wall of the tested room is constructed 

with normal clay bricks. The experimental setup involves rotating the test room weekly to align 

each PCM wall case (Case I, II, III) toward a specific cardinal direction (North, East, South, 
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West). The structure is equipped with 6-inch nylon wheels so that rotation of the walls can be 

done according to the need for analysis in different directions. For each wall, four directions 

have been tested one by one.  

The experimental matrix showing the directions for the three cases is mentioned in Table 4.4. 

For comparison, a similarly sized room is constructed with normal clay bricks.  For each 

direction, case 0 represents a similar wall, faced in that direction, made up of normal clay 

bricks, kept under the same outdoor conditions. The floor and roof of both the test and reference 

rooms are made from wood and corrugated GI sheets, respectively. 

Table 4.4 Matrix of Experimental Conditions for Outdoor Testing 

Experimental period Direction PCM position on the wall 

29.08.2024-04.09.2024 West Case I 

 South Case II 

 East Case III 

04.09.2024-10.09.2024 South Case I 

 East  Case II 

 North Case III 

10.09.2024-16.09.2024 East Case I 

 North  Case II 

 West Case III 

21.09.2024-27.09.2024 North Case I 

 West Case II 

 South Case III 

Two T-type thermocouples (accuracy: ±0.25oC) with a data acquisition system (Make: 

Keysight, Model: 34972A) are attached, on each of the walls, for both the reference and test 

room. The mean temperature recorded from the two thermocouples is calculated for each wall 

for the final calculation, with an uncertainty of ±0.17oC. The uncertainty of the temperature 

calculation is measured as per root-sum square-method, considering the independent readings 

of the thermocouple, as shown in Eq. 4.1. 
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U

x

f
uavg  (4.1) 

where 1U and 2U  is the accuracy of each thermocouple, respectively, which is same in this 

particular case. 1x  and 2x  are the independent readings of both the thermocouple and f  is the 

function, defining the average value of the two readings.  
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One heat flux sensor (Make: Hukseflux, Model: HFP01) is also positioned at the center of each 

wall to measure the heat flux across the wall (Fig. 4.5 (c)) for both rooms. The calibration 

uncertainty of the heat flux sensor is reported as ±1.95×10-6 W/m2. The solar irradiation is 

measured with a pyranometer (Make: Apogee Instruments, Model: SP510), with an uncertainty 

of less than 3%. The output results are recorded at 30-minute intervals, and each wall has been 

exposed to a particular direction for a period of six days. The experiments are performed from 

29th August 2024 to 27th September 2024 on the rooftop of the Solar Energy Laboratory at IIT 

Guwahati (26.1158° N, 91.7086° E). No thermal loads, such as internal heat generation units,  

are applied from the internal surface of the walls for both experimental cubicles.  

 

Fig. 4.5 (a) Wall construction on pre-fabricated cast iron frame (Case 0), (b) WH-PCM 

brick wall construction, (c) Thermocouple and heat flux sensor position on each wall 

4.2.4 Quality testing of the modified bricks 

The density of the red clay bricks has been determined according to BS EN 12390-7 standards 

[267]. The water absorption test has been conducted in accordance with BS 1881: 12 [268]. 

The brick samples have been put in a dry air oven (Make: Hamco, Model: 105 series) at 

TH-4107_206154005



 

 Development and thermal performance analysis of PCM-impregnated brick walls 

Page | 105 

 

105±2oC for 24 hours to measure the dry weight.  dm . The bricks are then cooled to room 

temperature and then immersed in water for another 24 hours. The weight of the wet bricks 

 wm  has been recorded, and the percentage of water absorption has been calculated as per 

Eq. 4.2.  

100absorptionwaterofPercentage 



d

dw

m

mm
 (4.2) 

The efflorescence test of bricks is done in accordance with IS 3495-Part 3 (1992) [269]. The 

compressive strength of the bricks is determined by ASTM C140-11a standards [270]. The test 

is done on a Compression Testing Machine (Make: Lawrence and Mayo, Model: 10913). The 

compressive strength has been determined using Eq. 4.3.  

A

PmaxstrengtheCompressiv   (4.3) 

where  NloadecompressivMaximummax P  and 

  2mmspecimenofareanetAverageA  

4.2.5  Development of experimental cubicles 

The section consists of the construction of an experimental cubicle with the best configuration 

of walls from the previous study. The subsection outlines the experimental methodology for 

the thermal performance study of the prototype experimental cubicle with walls made up of 

WH-PCM-filled bricks.  

 

Fig. 4.6 Preparation of clay brick with WH-PCM slot 
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To construct the walls of the test cubicle, bricks are prepared in advance, as explained in 

Section 4.2.3. Case II of the previously explained configuration is selected for the wall 

construction of the experimental cubicle, as shown in Fig.4.6. 

 

Fig. 4.7 Development of prototype buildings (a) Frame for reference cubicle, (b) Frame for 

PCM cubicle, (c) Sliding rail provision for PCM cubicle, (d) Interior of the developed 

PCM cubicle, (e) Reference cubicle outer view, (f) PCM cubicle outer view 

Two outdoor experimental cubicles have been constructed to compare the thermal performance 

of walls made with PCM bricks versus those made with conventional bricks. The inner 

dimension of the cubicle is (1m x 1m x 1m).  The two test cubicles are built on a movable cast-

iron frame, where slots are provided for wall construction. One cubicle is referred to as the 

reference cubicle, where normal red clay bricks of size (23 cm x 11 cm x 7 cm) have been used 

for wall construction. The second cubicle is termed the PCM cubicle, where WH-PCM-

enhanced brick walls have been constructed in all four directions. To build one wall, 50 bricks 

are needed, requiring a total of 10 kg of WH-PCM for the experimental cubicle. Fig.4.7 

demonstrates the different stages of construction of the experimental cubicles. A similar kind 
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of portable room was already developed in published literature[271]. Finally, the thermal 

performance results have been compared with the published literature.  

4.2.6 Experimental design for the thermal performance study 

The experimental procedure includes the 24-hour recording of indoor and outdoor temperature 

fluctuation, along with the temperature variation on each wall for both cubicles. There are two 

main experimental schemes involved in the current study. The first set of experiments has been 

performed for one month from 8th October, 2024, to 8th November, 2024. The interior 

temperature has been recorded through a mini data logger (Make: Testo, Model: 174 H), placed 

in an identical position for both cubicles. The accuracy of the data logger is ±0.5oC.  The 

interior temperature has been further verified with the results of two thermocouples with an 

accuracy of ±0.25oC, placed inside the cubicle.  Also, the ambient temperature and solar 

radiation have been measured with a T-type thermocouple (accuracy ±0.25°C) and a 

pyranometer (uncertainty less than 3%), respectively. The second set of experiments involves 

a heat generation unit inside the cubicles. The experiment has been carried out for one week 

from 8th November to 13th November, 2024. The internal heat generation is achieved with an 

incandescent bulb of 200 W. The bulb is placed at the centre of the cubicle, as shown in Fig.4.8. 

The mini data logger and other thermocouple arrangements used for data generation are the 

same as those in the previous experiment. Beginning at 9:00 AM, the bulb has been operated 

in a cyclic on-off mode, with one hour of operation followed by one hour of shutdown. This 

cycle has been maintained continuously over a total duration of 12 hours. In both conditions, 

the outer and interior temperatures of each side wall have been measured with thermocouples.  

 

Fig. 4.8 Experimental cubicle with heat generation unit 
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4.3 Results and discussion on comparison of the temperature profile in the thermal 

chamber 

 

Fig. 4.9 Temperature profile of different reference and PCM bricks inside the thermal 

chamber (a) PCM-AAC brick, (b) PCM-clay brick_1, (c) PCM-clay brick_2 

 

4.3.1 Autoclaved aerated concrete (AAC) brick 

Figure 4.9 (a) illustrates a comparison of temperature patterns between regular AAC bricks 

and WH-PCM AAC bricks. The figure demonstrates that the temperature behavior near the 

heat source (T1 and T3) follows a similar pattern. In particular, the average temperature 
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difference between the points (T1 and T2) and (T3 and T4) is 2.65°C for normal bricks and 6.5°C 

for WH-PCM bricks, respectively. These results indicate that the PCM melting occurs, 

resulting in heat absorption through fusion. Additionally, temperature fluctuation occurs 

steadily, which is crucial for comfortable indoor thermal environments, as rapid fluctuations 

can be highly discomforting. After both types of bricks are heated to 55°C in the thermal 

chamber, the heating element is turned off. As depicted in Figure 4.9 (a), while the temperature 

near the heat source (T1 and T3) decreases, the interior temperatures of both normal bricks and 

WH-PCM bricks initially increase and then decrease. This phenomenon arises due to the high 

thermal resistance provided by the pores of the AAC bricks, which slows down heat penetration 

inside the bricks. Notably, the temperature at the point (T4) of WH-PCM bricks remains lower 

than the temperature of normal AAC bricks throughout the experiment, with an average 

difference of 2.73°C during the cooling process. 

4.3.2 PCM-clay brick_1 

Fig. 4.9 (b) shows the temperature difference profile of normal and WH-PCM-clay brick_1. 

WH-PCM melts at 31.5oC, so the WH-PCM brick is able to maintain an average temperature 

difference of 1.93oC throughout for the thermocouple (T4) compared to normal brick. The 

maximum temperature difference between (T1 and T2) and (T3 and T4) is found to be 4.8 and 

7.8oC for normal and WH-PCM brick, respectively. The surface near the heat source cools 

down rapidly after the heating source is turned off (T1 and T3), but an exception can be seen 

for the normal bricks for temperature T2. The temperature T2 increases for normal clay brick, 

and after 1 hour, the temperature is higher than T1. The PCM-incorporated brick maintains the 

same temperature range throughout the cooling process. A maximum temperature difference 

of 3.5oC can be achieved with the incorporation of WH-PCM in the clay brick. Thus, it is clear 

that PCM-clay brick_1 is suitable for maintaining a lower inside temperature in buildings day 

and night compared to normal clay bricks. 

4.3.3 PCM-clay brick_2 

Fig.4.9 (c) represents the temperature profile of the four thermocouples in the thermal chamber 

for PCM-clay brick_2. The temperature T4 for WH-PCM brick in configuration 2 shows a 

smooth curve with an average temperature difference of 7.73oC compared to T3. A maximum 

temperature reduction of 7.98oC has been found for PCM-clay brick_2 compared to the 

standard clay brick. When the heat source is turned off, the temperature T2 increases, as 

explained in the case of PCM-clay brick_1. The curve showing temperature T4 shows a smooth 

increment throughout the experiment. This behavior is very suitable for maintaining a steady 

TH-4107_206154005



 

 Development and thermal performance analysis of PCM-impregnated brick walls 

Page | 110 

 

comfort state in buildings without rapid temperature fluctuation. Also, it has been observed 

that no leakage of PCM happened throughout the experimental time, thereby confirming its 

stability and safety. 

Based on the above discussion, it can be deduced that in real-world scenarios, the interior 

temperature of a building can be effectively regulated to a lower value using WH-PCM clay 

bricks during the daytime. However, it has been noticed that after the heating source is turned 

off, which partially resembles the setting of the sun, the temperature will rise for both regular 

bricks and PCM-clay brick_1. The indoor study also showed that PCM-clay brick_2 shows 

better results for temperature reduction and fluctuation than PCM-clay brick_1. In this regard, 

PCM-clay brick_2 is an exception, showing a smooth temperature variation and thus can be 

recommended for use in wall construction.  

 

4.4 Thermal performance test results in outdoor conditions 

Based on the above discussion, PCM-clay brick_2 is selected for wall construction, and WH-

PCM is applied along the breadth of the wall in three different positional variations. This 

section describes the thermal performance of WH-PCM-incorporated walls compared to 

reference walls for the three different cases of PCM positions, as described in Section 4.2.3.   

4.4.1 Calibration test  

The calibration test is conducted to verify the proper functioning and consistency of the 

measurement instruments. The calibration tests are performed for each room without installing 

PCM, measuring the external and internal temperature and heat flux before the actual 

experimentation.  Therefore, the east wall in the PCM room was constructed with normal 

bricks, so that an accurate comparison of the temperature and heat flux of the wall with the 

respective reference wall can be established. The calibration test was done on the 27th of 

August, 2024, from 9:30 hours to 17:00 hours. Fig.4.10 depicts the results of the temperature 

and heat flux of the test walls in the calibration tests. The external temperature and heat flux of 

the reference room wall and the PCM room wall follow the same trend with little deviation. 

The maximum exterior and interior temperature deviation is 1.3° and 1.2°C, respectively, in 

the east wall, without any PCM layer. The maximum heat flux deviation is found to be 1.3 

W/m2. 
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Fig. 4.10 Calibration test results (a) Exterior surface temperature, (b) Interior surface 

temperature, (c) Interior heat flux  

4.4.2 Outdoor test results 

4.4.2.1 Ambient temperature and solar irradiance 

The ambient temperature and solar irradiance data of the experimental period are plotted in 

Fig.4.11, and Fig.4.12, respectively. Since the ambient temperature and solar irradiance during 

the four selected time periods are fairly comparable, as shown in Table 4.5, the results for each 

direction are analyzed and compared across the three different cases, with minor variations in 

ambient temperature being considered negligible. The term ‘temperature difference’ refers to 

the difference in temperature between the exterior and interior surface of the wall, either for 

the reference (case 0) or the test walls (case I, II or III).  
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Fig. 4.11 Ambient temperature profile for the experimental period  

 

 

Fig. 4.12 Solar irradiance profile for the experimental period  
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Table 4.5 Temperature variation across different experimental period 

 
Ambient Temperature (oC) Solar irradiance (W/m2) 

 
Minimum  Maximum  Average  Minimum  Maximum  

29.8.2024-04.9.2024 25.6 38.2 33.3 0.001 1374.7 

04.9.2024-10.9.2024 25.9 38.7 32.9 0.001 1363.7 

10.9.2024-16.9.2024 25.7 38.2 32.6 0.003 1375.5 

21.9.2024-27.9.2024 25.2 38.2 33.6 0.001 1204.5 

 

4.4.2.2 East Wall 

 

 

 

Fig. 4.13 Temperature profile in the east direction (a) Case I, (b) Case II, (c) Case III 

The temperature profile for the east wall is represented in Fig.4.13. The curve shows that for 

case I in the east orientation, the inside surface temperature is higher than the outside surface 

temperature for the WH-PCM incorporated wall during the experimental period. In fact, the 

(a) 

(b) 

(c) 
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wall without WH-PCM behaves better in terms of temperature reduction The maximum 

observed temperature difference between the reference and WH-PCM wall is 6.2o and 2.74oC, 

respectively. Therefore, case I may not be an effective configuration for the PCM application 

on the east-facing wall. A similar effect has been observed in a previous study where the 

authors found that when the PCM layer is positioned on the interior side of a wall, the heat 

storage and heat release duration increase, which is beneficial for winter application for heating 

purposes. The slower charging and discharging of PCM leads to higher surface temperatures 

and an earlier onset of thermal stabilization [272]. Another reason for such a negative 

temperature profile trend may be due to the fact that the solar radiation hits the east wall and 

remains for a shorter period of time compared to the south and west walls, thus this time may 

not be enough to complete the full melting of WH-PCM, which is positioned on the interior 

side of the room.  

Case II shows the best results in terms of temperature reduction out of the three cases, 

positioned in the east direction, specifically in the morning hours when direct solar radiation 

heats the east wall. The maximum temperature difference achieved for the WH-PCM wall is 

11.8°C in the morning for case II, compared to 11.7°C for the reference wall. Case III is better 

in terms of temperature reduction compared to case I for the east direction, because the WH-

PCM on the outer layer starts absorbing the latent heat quickly when the peak incident 

irradiation hits the wall in the morning, thereby reducing the temperature. Similar results were 

found for PCM placed at the outer surface, where the absorption of intense external heat led to 

the highest reduction in heat transfer, which was around 35% [273]. According to another 

study, the east wall demonstrated a reverse temperature trend compared to the other 

orientations. As the surface temperatures rise earlier in the day due to morning solar irradiance, 

the PCM completes its melting phase more quickly, thereby failing to maintain the reduced 

temperature difference for a longer time [274]. Although case II, the east direction, shows some 

potential in lowering the indoor surface temperature in the morning hours, the effectiveness of 

PCM is limited at other times of the day. Therefore, the use of WH-PCM in the east-facing 

wall is not recommended. 

 

4.4.2.3 North wall 

The temperature profile for the north wall is shown in Fig.4.14. For case I, the WH-PCM wall 

behaves almost similarly to the reference wall in most cases. But, the maximum temperature 

difference of the WH-PCM wall is 11°C, compared to 8.6°C of the reference wall. The middle 
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position (case II) of WH-PCM in the north direction results in an overall temperature reduction, 

contrary to cases I and III, but the maximum temperature difference is around 7°C for both the 

reference and WH-PCM wall. For case III, it has been observed that the inside surface 

temperature of the reference wall is lower compared to the WH-PCM layer for a longer period 

during all days. It is reported that the north direction receives minimum direct solar radiation, 

and the only factor that affects the PCM charging or discharging is the ambient temperature; 

therefore, WH-PCM may merely act as a thermal insulator due to its low thermal conductivity. 

In such cases, the solidified PCM essentially behaves like a weak concrete layer with reduced 

structural rigidity and without contributing to thermal regulation through latent heat absorption. 

Therefore, it may be more effective to use a plain concrete wall without incorporating PCM on 

the outer layer in the north direction [275]. Comparing the results for the north direction, it can 

be concluded that the north direction is also not effective in terms of the reduction of inside 

surface temperature. 

 

 

 
Fig. 4.14 Temperature profile in the north direction (a) Case I, (b) Case II, (c) Case III 

(a) 

(b) 

(c) 
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4.4.2.4 South wall 

 

 

 

Fig. 4.15 Temperature profile in the south direction (a) Case I, (b) Case II, (c) Case III 

Fig.4.15 shows the temperature profile of the three cases in the south direction. As no effect in 

terms of temperature reduction can be observed for Case I in the south direction, the position 

is not recommended for the south wall. In fact, the inside temperature of the reference wall is 

lower in this case. The intense solar incident radiation in the south direction throughout the day 

may be a reason for such a phenomenon, and WH-PCM may remain in the superheated liquid 

state most of the time. On the south wall with Case II, it is evident that WH-PCM effectively 

reduces the inside surface temperature compared to the reference wall. The maximum 

temperature difference of the WH-PCM wall is 2.7°C. The maximum temperature reduction 

observed across the WH-PCM wall is approximately 2°C, while that of the reference wall is 

about 1.94°C for case III. It can be seen from the temperature graph that the inside surface of 

the reference wall is occasionally higher than the outside surface. With the application of WH-

(a) 

(b) 

(c) 
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PCM as case III, the higher inside temperature can be reduced successfully, thereby showing 

better indoor thermal regulation. Previous study confirmed that on the south wall, a faster 

temperature rise led to quicker PCM phase change, resulting in a moderate temperature 

reduction and shorter delays [274]. It can be observed that WH-PCM on the outermost layer is 

suitable for temperature reduction compared to the other two positions in the south direction. 

One reason for the behavior is that the outer layer is affected by external convective cooling; 

thus, heat dissipation to the environment is greater compared to Case I. For Case I, heat is 

stored in the wall mass, as there is little scope for heat dissipation to the ambient. Thus, applying 

the WH-PCM layer in the walls of the south direction can be recommended for inside surface 

temperature reduction. 

4.4.2.5 West wall 

 

 

 

Fig. 4.16 Temperature profile in the west direction (a) Case I, (b) Case II, (c) Case III 

(a) 

(b) 

(c) 
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Fig.4.16 represents the temperature profile of the west walls. The maximum recorded 

temperature difference across the case I wall is 6.7°C, which is 4.8°C for the reference wall. It 

is observed that when peak intensity hits the west wall in the afternoon, the temperature of the 

WH-PCM wall is lower than that of the reference wall, which will be beneficial in decreasing 

peak cooling demand. Earlier studies showed that the west wall showed the highest daily 

energy savings due to high afternoon solar loads that raised surface temperatures quickly, 

enabling full PCM melting [274]. Case II shows the best results in terms of indoor wall 

temperature reduction over the experimental time. In fact, the experimental data show that the 

inside temperature of the reference wall is more than the outside in most cases, but WH-PCM 

is able to keep the temperature near 35°C for peak daytime hours and an average minimum of 

28°C in the off-peak night hours. The maximum temperature difference obtained for WH-PCM 

and the reference wall is 3.5°C. In the afternoon, at around 4 PM, when the outside temperature 

attains its maximum, the middle configuration on the west wall shows the maximum 

temperature difference. For Case III on the west wall, the maximum temperature difference 

between the exterior and interior surfaces of the PCM wall is 6.9 °C, compared to 5.3 °C for 

the reference wall.  

The middle position is able to absorb heat from both sides and may make two distinct thermal 

zones. The absorption of heat from both sides reduces the heat gain through the wall, ultimately 

reducing the inside surface temperature. The PCM incorporation at the outside position in the 

west direction results in successful temperature reduction during the day. The nighttime shows 

a higher inside temperature than the outside wall, which indicates that the discharging of WH-

PCM is not completely achieved. As the climatic condition of the studied site exhibits warmer 

nights, only night ventilation may not be sufficient for WH-PCM cooling. Discharging through 

an active system can assist in such cases. In nearly all cases, the indoor surface temperature 

showed unfavorable behavior at night due to the solidification phase of the PCM in the non-

ventilated space, as previously noted [88]. Another study also showed that all elements of the 

PCM room exhibited increased temperatures at night due to the uncontrolled release of stored 

heat from the PCM [276]. The west direction is found to be more efficient in temperature 

reduction than the east direction because WH-PCM melting in the east direction occurs early 

in the morning and lasts for a shorter period of time than the west wall [277]. Overall, the 

application of WH-PCM on the west walls can be treated as the most effective direction for 

reducing the inside surface temperature, compared to the other three directions. 

TH-4107_206154005



 

 Development and thermal performance analysis of PCM-impregnated brick walls 

Page | 119 

 

4.4.3 Comparison of peak temperature  

After analyzing the overall temperature profile, a comparison is shown in Table 4.6 in terms 

of peak temperature reduction through different configurations of the wall. When WH-PCM 

incorporated, a brick is placed next to the interior of the test room, and the effect of PCM in 

terms of peak temperature reduction is not very prominent. It has also been noticed from earlier 

research that applying PCM on interior surfaces has less effect on temperature reduction. All 

the walls behave satisfactorily in terms of peak temperature reduction when the PCM position 

is in the middle of the wall. The best peak temperature reduction result is found for the west-

facing wall in case II, with a 10.47% reduction. The peak temperature reduction is suitable for 

reducing the electricity demand for peak power consumption. A similar peak temperature 

reduction (4.7 °C) is found for a room facing south direction when macroencapsulated PCM 

was used in the hollow brick of a small room, which is approximately half the size of the room 

used in the present study [149] 

Table 4.6 Comparison of peak temperature reduction  

Wall 

direction 

PCM 

position 

Reference 

wall peak 

temperature 

(oC) 

WH-PCM 

wall peak 

temperature 

(oC) 

Reduction 

in peak 

temperature 

(oC) 

Percentage  

reduction in 

peak 

temperature 

(%) 

East Case I 36.5 38.1 -1.6 -4.38 

Case II 38.2 37.5 0.7 1.83 

Case III 38.7 37.1 1.6 4.13 

North Case I 41.1 43.4 -2.4 -5.6 

Case II 37.5 35.9 1.6 4.27 

Case III 36.5 36.9 -0.4 -1.1 

South Case I 36.2 36.9 -0.7 -1.93 

Case II 36.7 36.7 0.01 0.05 

Case III 41.2 41.0 0.1 0.49 

West Case I 36.9 37.9 -0.9 -2.71 

Case II 44.9 40.2 4.6 10.47 

Case III 37.1 37.9 -0.8 0.49 

 

Contrary to the results of Case I, the wall facing the east, west and south directions is successful 

in reducing peak temperature compared to normal walls for Case III. Based on the testing data, 

the best locations for peak temperature reduction, in decreasing order, are Case II, Case III, and 
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Case I. This is because the PCM position determines the starting time of PCM melting. Case 

III results in the early melting of WH-PCM; thus, thermal energy can be stored for a long time. 

Another possibility is that complete melting of WH-PCM may be ensured for Case III, 

compared to Case I. Also, the thermal resistance for heat flow is greater in Case I before 

reaching WH-PCM than in Cases II and III, as shown in Fig.4.17. Thus, the wall gets heated 

up before melting starts. On the other hand, placing WH-PCM in the middle of the wall may 

coincide with the peak heating hours, which may be earlier or later in Case III or Case I, 

respectively. The middle position may balance the charging and discharging of WH-PCM, 

thereby preventing a rapid temperature rise. Earlier studies also proposed placing PCM close 

to the exterior or in the middle position for maximum annual energy saving [278]. WH-PCM 

in the middle of the wall acts as a thermal buffer zone, reducing the overall thermal conductivity 

and dividing the wall section into two thermal zones. Therefore, the thermal conduction 

through the wall gets reduced.  Applying the thermal resistance concept to a multilayer wall, 

the thermal resistance of the different configurations of WH-PCM walls has been calculated as 

per Eq. 4.4.  
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where R  is the thermal resistance, L  and k  are the thickness and thermal conductivity of each 

layer. 

 

Fig. 4.17 The thermal resistance and heat flow analysis through WH-PCM walls 
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The overall thermal resistance values for Case I, Case II, and Case III are 0.21, 0.2, and 0.21 

m2K/W, respectively. Although the overall heat transfer coefficient value for the three cases is 

almost the same, a difference in inside temperature occurs due to the difference in thermal 

resistance value of the brick before reaching the WH-PCM layer. 

Previous study on a test room of size 500 × 500 × 500 mm with PCM cladding on the outer 

wall resulted in peak surface temperature reductions of 6.75 °C (west), 6.50 °C (south), 5.00 °C 

(east), and 2.45 °C (north). Similar to the current study, the greatest reduction was observed on 

the west wall. On the south wall, extended solar exposure allowed full PCM melting, enhancing 

heat absorption. A moderate reduction was recorded on the east wall, and the lowest reduction 

occurred on the north wall, where limited solar input led to partial PCM activity [277]. 

Table 4.7 Peak temperature reduction comparison with earlier works 

Reference Wall 

direction 

PCM type Peak temperature 

reduction (oC) 

Kong et al. [164] South A mixture of capric acid and 

1-dodecanol 

2.00 

Mukram et al. [279] Not 

mentioned 

Micro-encapsulated PCM 8.91 

Abbas et al. [149] South Encapsulated paraffin wax 

capsule 

4.70 

He et al. [278] South  Rubitherm RT28HC 8.20 

Absi et al. [277] Not 

mentioned 

Microencapsulated PCM 3.95 

Ali et al. [280] Not 

mentioned 

Eutectic PCM 9.50 

Present work West WH-PCM 4.66 

 

The best results obtained from the present study have been compared with previous publications 

and presented in Table 4.7. Kong et al. [164]developed two configurations in which PCM was 

applied either to the outer surface and roof or to the inner wall and roof. Their findings aligned 

with the current study, showing that PCM placement on the east and west walls yielded better 

performance than on the east and north walls, particularly when applied to the outer surface, as 

in Case III. Similarly, Mukram et al.[281] recommended positioning PCM near the middle of 

the wall in commercial buildings. Their results indicated that placing PCM closer to the outer 

surface or heat source, combined with night ventilation, reduced the solidification time. 

Although many studies listed in Table 4.7 report significant temperature reductions consistent 

with the present findings, most were conducted in rooms approximately half the size of the 
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current test room. In several cases, only one PCM-modified wall was evaluated, with the 

remaining walls constructed from insulating materials and tested in controlled indoor setups. In 

contrast, the present study offers a more realistic representation of temperature reduction under 

actual conditions. 

4.4.4 Thermal amplitude comparison  

Table 4.8 presents the thermal amplitude values of the WH-PCM walls in comparison with the 

reference walls for each direction and position. The thermal amplitude value has been calculated 

by using Eq. 4.5. 

minamplitudeThermal TTpeak   (4.5) 

where and 
minT  represent the maximum and minimum inside surface temperature of the wall.  

The middle position of PCM placement results in both reductions of maximum and minimum 

temperature, thus increasing the thermal amplitude values in all directions except the west 

direction.  

Table 4.8 Thermal amplitude values for different directions and WH-PCM positions 

Wall 

direction 

 Reference wall (oC) WH-PCM wall (oC)  

  
Tpeak Tmin Thermal 

amplitude 

Tpeak Tmin Thermal 

amplitude 

Reduction 

East Case I 36.5 28.8 7.7 38.1 24.5 13.5 -5.86 

Case II 38.2 19.7 18.55 37.5 18.4 19.1 -0.56 

Case III 38.7 28.2 10.5 37.1 26.7 10.4 0.07 

North Case I 41.1 19.4 21.55 43.4 22.0 21.4 0.15 

Case II 37.5 23.5 13.99 35.9 21.5 14.3 -0.4 

Case III 36.5 21.3 15.14 36.9 28.6 8.2 6.89 

South Case I 36.2 27.7 8.53 36.9 28.8 8.1 0.37 

Case II 36.7 28.2 8.58 36.7 27.0 9.7 -1.16 

Case III 41.2 29.2 12 41.0 28.1 12.9 -0.9 

West Case I 36.9 27.7 9.28 37.9 25.7 12.2 -2.97 

Case II 44.9 29.7 15.19 40.2 25.8 14.3 0.81 

Case III 37.1 24.3 12.73 37.9 22.1 15.8 -3.11 

 

A negative value for thermal amplitude reduction indicates that PCM inclusion has undesirable 

thermal behavior in those particular directions. In another aspect, the WH-PCM layer can be 
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seen as an insulator layer, compared to the reference wall in those directions, as the same amount 

of solar radiation is falling on both walls. According to the Fourier law of heat conduction, if the 

heat flux is constant, a higher value of temperature difference specifies lower thermal 

conductivity. Therefore, although the negative value of thermal amplitude reduction phenomena 

is not beneficial considering thermal comfort management, it may be helpful in reducing the 

peak heat gain value through the wall.  The previous study also shows the same trend for Case I 

in stabilizing indoor thermal fluctuation [282]. Similar published work stated that positioning 

the PCM in the middle of the wall or nearer to the primary heat source resulted in better year-

round thermal performance [278]. Another study also confirms that while PCM is positioned in 

the middle of the brick, overall thermal performance was found to be improved [281]. The main 

factor for which the effect of orientation on PCM behavior changes in each direction for the 

same position is the difference in the duration of incident solar radiation. The south wall receives 

solar radiation in a uniform manner compared to the east and west directions. Accordingly, the 

difference between peak and minimum temperature is very high compared to the north direction. 

The thermal amplitude in the north direction is good because the north wall does not get direct 

incident solar radiation. Thus, the outer surface temperature is reduced slowly due to convection. 

Earlier studies also concluded that the north wall, with minimal solar exposure, showed the 

lowest temperature fluctuations and indoor temperatures [274]. The WH-PCM application in the 

west direction leads to overall temperature reduction, and this trend is very beneficial in 

maintaining thermal comfort and peak power reduction. This is because the peak intensity of 

radiation falls in the west direction, and west-facing walls retain the heat for a longer period than 

the other three directions.  

4.4.5 Comparison of the heat flux profiles 

The temperature profile variation is supported by the heat flux variation curve for the 

experimental duration. Some representative curves are shown in Fig.4.18, selected from the 

whole experimental period. The positive heat flux refers to heat gain indoors, and the negative 

heat flux indicates heat dissipation to the environment.  

For Case III in the west direction, a similar heat flux pattern is followed for the reference and 

the WH-PCM wall. The peak heat gain reduction is 4 W/m2 with a time lag of 10 minutes for 

the WH-PCM wall compared to the reference wall. The heat loss through the WH-PCM wall 

from the outside position is almost 3 times more than the reference wall, as heat conduction is 

dominant in that position for the discharging of WH-PCM, as shown in Fig.4.18. The east 

TH-4107_206154005



 

 Development and thermal performance analysis of PCM-impregnated brick walls 

Page | 124 

 

direction shows peak heat gain value in the morning hours for both WH-PCM and reference 

walls, as solar radiation is at its peak during those hours. When WH-PCM is applied close to the 

interior, the peak heat gain value is delayed by 2 hours. This thermal lag is beneficial in reducing 

the morning cooling energy demand in the east direction.  

The middle position of WH-PCM in the north direction results in a maximum heat gain and 

average daily heat gain reduction of 5.9 and 2.5 W/m2, respectively. When WH-PCM is 

incorporated in the outside orientation of brick in the south direction, the wall results in lower 

heat gain than the reference wall from morning 6:00 AM to noon time, indicating storing heat 

through the melting of WH-PCM. The overall lower heat gain inside the room is beneficial for 

the reduction in cooling energy demand.  

 

 

Fig. 4.18 Heat flux analysis through WH-PCM and reference wall, (a) West wall_Case III, (b) 

East wall_Case I, (c) North wall_Case II, (d) South wall_Case III, (e) West wall_Case II, (f) 

North wall_Case I 
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The daily average heat gain reduction using WH-PCM is 0.3 W/m2 for Case III in the south 

direction. In the afternoon, due to increased inside temperature, both the reference and PCM wall 

start losing heat to the ambient until the next morning. At the early stage, the heat loss is more 

predominant in the reference wall till around 10:00 PM; after that, heat loss is more from the 

PCM wall, indicating less inside surface temperature of the PCM wall. Natural ventilation can 

be applied to the south wall from the afternoon to around 9:00 PM in the evening for the PCM 

wall to get the complete benefits of PCM incorporation in the south direction for Case III.  

The average heat flux reduction is 2 W/m2 for Case II in the west direction. When WH-PCM is 

applied on the interior side in the north direction, the heat flux profile follows exactly the same 

pattern for the two days. The orientation results in a 2.3 W/m2 reduction in average daily heat 

gain and a 3.3 W/m2 reduction in maximum heat gain value after WH-PCM incorporation. Also, 

the heat loss through this orientation is 14.5% more than the reference wall, which indicates the 

cooling of the PCM room. Previous literature showed that the heat gain decreased as the PCM 

position moved from the exterior toward the centre of the brick, from 11.62% to 32.05% [281].  

The phenomenon of average and maximum heat flux reduction by using WH-PCM in walls can 

be explained through the thermal diffusivity, thermal conductivity and effective heat capacity 

concept. The thermal diffusivity of both WH-PCM and brick has been calculated by using Eq. 

4.6. 

pC

k


   (4.6) 

where is the thermal diffusivity  sm2
, k  is the thermal conductivity  mKW / ,   is the density 

 3mkg  and pC is the specific heat capacity at constant pressure  kgKJ  of the material. 

The values of CP for WH-PCM vary, as mentioned in Eq. 4.7. 
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where mH  and ΔT are the latent heat of fusion (J/kg) and the temperature range over which 

phase change occurs.  
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The thermal diffusivity value for the three states of WH-PCM is higher than that of the brick 

material in the wall. The higher thermal diffusivity value indicates that WH-PCM allows the 

heat to pass more quickly than the brick material and absorbs the heat as latent heat storage. As 

the effective heat capacity of the WH-PCM is more than the heat capacity in pure solid and liquid 

phases, WH-PCM absorbs significant heat and reduces the maximum heat gain through the 

walls. When WH-PCM is applied on the outer surface, its higher thermal diffusivity enables it 

to respond quickly by absorbing heat during the morning hours for the south-facing wall and in 

the afternoon for the west-facing wall, thereby reducing the maximum heat gain. The thermal 

lag observed in peak heat gain for Case I and Case II is attributed to the lower thermal diffusivity 

of the brick wall, which slows down heat penetration. As a result, the WH-PCM melts later 

compared to the outer placement, leading to a shift in the peak heat flux timing. 

 

4.5 Comparison of the quality of normal brick and PCM-incorporated brick 

 

Fig. 4.19 Comparison of quality testing of WH-PCM clay bricks (a) dry density, (b) water 

absorption test, (c) compressive strength test, (d) efflorescence test of WH-PCM bricks 

It is clear from Fig.4.19 (a) that the density decreases when PCM is incorporated into the bricks. 

It is obvious because when the PCM slot is created inside the brick, the mass of the brick reduces. 

The WH-PCM can not compensate for the mass loss of the brick material, as the density of WH-

PCM is only 510 kg/m3. The percentage change before and after PCM incorporation in clay 
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bricks is found to be 1.45%. As per the ASTM C90-16a standards, the PCM clay bricks range in 

medium-weight density bricks, which can be used in practical applications [283]. Fig.4.19 (b) 

shows the comparative analysis of the water absorption test of clay bricks with and without PCM. 

The water absorption capacity of the clay brick after inserting WH-PCM decreases by 19.23%, 

which is desirable for building applications. The non-absorbent property of WH-PCM may be 

the reason for such a decrease in water absorption percentage.  

Fig. 4.19 (c) shows the comparison of the compressive strength of clay bricks. It can be observed 

that the compressive strength is reduced for bricks when WH-PCM is introduced in the slot. The 

strength is reduced because the middle section of both bricks has been cut, and the brick material 

is replaced with the powdered WH-PCM. The reduction of compressive strength for clay brick 

before and after PCM insertion is 37.4%. According to IS 1077: 1992 standards, the PCM clay 

bricks come under grade 7.5, which is 12.5 for a normal clay brick [284]. The efflorescence test 

of the modified brick results in nil salt deposition on the surface of the brick, as shown in Fig.4.19 

(d).  The efflorescence test gives the idea of the presence of soluble salts, like potassium, sodium, 

magnesium, iron and calcium; silicate, or carbonates of calcium and sodium; or sodium 

bicarbonate, etc., inside the brick, which reacts with aluminate tricalcium in the cement, resulting 

in the fragmentation of joints and walls due to the volume expansion. As no white or yellow 

spots have been observed on the surface of the brick upon biocomposite PCM incorporation, the 

developed brick can be used in buildings without any risk of failure of the walls [269].  

4.6 Thermal performance analysis of experimental cubicle 

4.6.1 Solar irradiance and ambient temperature 

 

(a) 
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(b) 

Fig. 4.20 Solar irradiance and temperature profile (a) for the period 8.10.2024 to 8.11.2024, 

(b) for the period 8.11.2024 to 14.11.2024 

Fig.4.20 presents the daily solar irradiance and temperature profile of the experimental period 

as recorded by the pyranometer and thermocouples.  

4.6.2 Comparison of the temperature profile of the experimental cubicles  

 

Fig. 4.21 The interior temperature of both rooms without any applied thermal load 

The effect of WH-PCM integration on the walls of the test cubicle is compared with the 

reference cubicle and plotted in Fig. 4.21. The one-month temperature regulation study proves 

that WH-PCM is successful in the passive thermal management of experimental cubicles. 

During the daytime when the solar insolation is at its peak, WH-PCM walls store the heat, and 

thus the interior of the PCM cubicle remains cooler than the reference cubicle. The temperature 

difference is very prominent for the peak hours, i.e., from 12 AM to 12 PM at midnight. This 

reduction in temperature not only ensures occupant thermal comfort but also significantly 
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contributes to the peak cooling load reduction of the building.  The maximum temperature 

difference between the reference and the PCM cubicle is measured as 5.8°C on the 27th of 

October, 2024, at around 4:10 PM. A similar temperature reduction of 3.09 °C at peak hours 

was reported in a lab-scale experimental set-up incorporating microencapsulated PCM as a 

panel mixed with cement plaster and foamed concrete in the published literature [285]. After 

midnight, the temperature difference between the cubicles is not very significant. As the outside 

temperature is low at that particular time, a natural ventilation system can reduce the 

temperature inside the PCM cubicle, ensuring proper discharging of the PCM at night. As the 

WH-PCM discharging is a time-dependent phenomenon, in the morning hours when solar 

radiation heats the east and south walls, due to incomplete solidification of WH-PCM, the latent 

heat of solidification may discharge towards the interior side of the building. Thus, on some of 

the days from the experimental period, a slight increase in temperature has been observed in 

the PCM cubicle from around 9 AM to 11 AM. Thus, the discharging of WH-PCM should be 

completed before the day begins, and ventilation may be a good option for such conditions.  

Table 4.9 Comparison of the present work with published literature 

Reference 
Experimental 

cubicle 

dimensions 

(L×B×H)  

m3 

PCM 

integration 

technology 

Wall 

orientation 

Type of PCM Temperature 

difference 

relative to the 

control 

cubicle (oC)  

Yasiri et al. 

[91] 

(1×1×1) Aluminium 

capsule 

compacted in 

bricks. 

All walls and 

the roof 

Macroencapsulated 

PCM (Paraffin) 

4 

Meng et al. 

[286] 

(1×1×1) Aluminium 

panels 

Floor, 

ceiling, all 

walls 

Macroencapsulated 

PCM (SP29 and 

RT18) 

7.7 

Rathore et 

al. [86] 

(1.12×1.12×1.12) Tubular 

container 

embedded in 

the walls 

All walls and 

the roof 

Macroencapsulated 

PCM (OM 37) 

3.3 

Shahcherag

hian et al. 

[90] 

(1×1×0.8) Layer of 

PCM panel 

All walls PCM (Hydrated 

salt) 

2.3 

Present 

work 

 

 

1 × 1× 1 Clay brick All walls Shape-stabilized 

PCM 

5.8 
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Table 4.9 presents various published results from earlier studies where PCM was applied to 

experimental cubicles of similar sizes. The present work exhibits a peak temperature difference 

comparable to that reported in published studies for summer conditions. 

 

Fig. 4.22 The interior temperature of both rooms with applied internal thermal load 

When internal thermal loads are applied to both cubicles, the resulting temperature profile is 

shown in Fig.4.22. The temperature profile appears similar to that observed in the absence of 

any applied loads. No negative effect of the internal heat generation has been observed on the 

interior temperature. The average temperature difference is around 1.74oC throughout the 

experimental period. The interior temperature of the PCM cubicle is lower than the reference 

room at the peak hours, and a slight increase in temperature has been measured for the period 

from 9 AM to 11 AM, as explained earlier. The average interior temperature of the PCM 

cubicle is more than 0.3oC than the reference cubicle for that particular morning hours. This 

may happen because the rate of discharge of PCM is slow and continues till the morning. A 

night ventilation system may improve the situation by completing the discharge of PCM during 

nighttime only. The maximum temperature difference of 6.2°C between the PCM cubicle and 

the reference cubicle was recorded on November 8, 2024, at 4:05 PM. The analysis with 

internal thermal load reflects real-world building conditions, where various internal heat-

generating activities take place. The observed reduction in temperature under these conditions 

indicates that WH-PCM is a promising option for improving building envelope performance. 

4.6.3 Comparison of the wall-wise temperature profile of the experimental cubicles 

After analyzing the interior temperature of both rooms, the effect of each direction on the 

overall thermal performance of the room has been evaluated for one week starting from 17th 

October, 2024. The interior temperature of the WH-PCM embedded walls for the four 
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directions has been shown in Fig.4.23 (a). Out of the four directions, the minimum temperature 

has been observed for the west wall at the peak hours. The north direction is not suitable for 

WH-PCM incorporation, as evident by the higher temperature profile throughout the 

experimental period. Similar observations can be seen with the east direction, where higher 

inside temperatures can be observed in the morning hours. Thus, it can be said that the east and 

north directions have a negative impact on the overall thermal performance of the room. 

Therefore, only the south and west walls are recommended for passive regulation of interior 

temperature for the prototype building/ experimental cubicle.  

 

 

Fig. 4.23 Interior temperature (a) WH-PCM incorporated walls inside temperature, (b) 

reference and WH-PCM wall in the south direction, (c) reference and WH-PCM wall in the 

west direction 

When the inside surface temperature of the south and west WH-PCM embedded walls is 

compared with their respective reference wall, the temperature profile shows a similar pattern, 

as shown in Fig.4.23 (b) and (c), respectively. The noticeable difference in the temperature 

profile is that the WH-PCM incorporated walls result in a lower inside surface temperature. 
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The maximum temperature difference between the PCM and reference wall in the south and 

west directions is 10.45°C and 9.08°C, respectively, for around 1:15 PM in the afternoon. Solar 

radiation intensity peaks in the afternoon, and the passive integration of WH-PCM into building 

walls has proven effective in significantly reducing indoor temperatures. The west wall may 

get enough time for WH-PCM solidification from the night till noon, as no direct solar radiation 

is incident on the wall for that time. A similar trend was observed in a previous study, where 

the reference and PCM-enhanced west wall inside surface temperatures remain similar until 

noon, after which PCM activation started, and the temperature began to decrease. The 

temperature difference between the reference and encapsulated PCM-impregnated west wall 

was 3.6oC [287]. Another study also confirmed that the south and west wall significanlty 

reduced temperature upto 5oC, along with cooling energy savings up to 317 kWh [288].  But 

for the east wall, before the complete solidification of the WH-PCM, solar radiation hits the 

walls in the morning hours. Thus, WH-PCM may not be able to absorb the total latent heat of 

fusion.  
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Fig. 4.24 Interior temperature with internal thermal load (a) WH-PCM walls, (b) reference 

and WH-PCM wall on south direction, (c) reference and WH-PCM wall on west direction 

Similar observations can be made for the temperature profile for all the walls, with and without 

any applied internal load, as shown in Fig.4.24. In this case also, the WH-PCM east wall shows 

extreme temperature fluctuation during morning and afternoon hours, which is not desirable. 

The south wall shows a very smooth temperature profile compared to the other three walls, 

which is due to the uniform solar irradiance incident on the wall throughout the day. The 

maximum temperature difference between the reference and WH-PCM wall is 8.06o and 

8.92oC, for the south and west wall, respectively. The wall temperature of the north side 

remains higher compared to all the other three walls during the peak hours throughout the 

experimental hours. This phenomenon may be attributed to the fact that the melting and 

solidification of WH-PCM rely solely on external convective heat transfer in that direction. 

Since the WH-PCM is embedded in the middle layer of the wall, an adequate temperature 

gradient may not develop on that side, as the north wall receives no direct solar radiation 

throughout the day, unlike the south wall.  

4.7 Summary of the chapter 

The current chapter describes the successful practical implementation of the developed 

biocomposite PCM for indoor temperature regulation in a hot and humid climate. Thermal 

performance tests have been conducted on an experimental cubicle, considering the financial 

constraints associated with experimentation on a real building. WH-PCM is inserted by making 

a slot in different positions of the brick, and the improved brick is then used for the wall 

construction of the experimental cubicle. The study highlights that when biocomposite PCM is 

applied at the middle of the wall thickness, consistent indoor temperature fluctuation can be 
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observed throughout the experimental time for almost all four directions. The investigation 

revealed that placing the WH-PCM layer near the interior surface of the wall is not effective 

for the studied climatic zone. The WH-PCM incorporation in the south and west direction is 

recommended based on the study, for passive temperature regulation inside a building. The key 

findings of this chapter have been used to model a real building. A detailed techno-economic 

and environmental assessment study is presented in the next chapter.  
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5.1 Introduction 

Based on the experimental investigation it has been concluded in the last chapter that applying 

WH-PCM on the south and west walls gives the better results for thermal comfort. In order to 

investigate the economic feasibility and sustainability of the developed material, a 

comprehensive analysis has been carried out. The incorporation of biocomposite PCM on the 

walls of an existing real building for techno-economic evaluation involves significant practical 

challenges. Therefore, this chapter presents the study of a building model that is developed 

using the DesignBuilder interface and analyzed through EnergyPlus software. Additionally, 

the chapter includes economic and environmental studies based on the actual occupancy of the 

modelled building. For the techno-economic-environmental study, the same climatic zone as 

that of the experimental investigations has been assumed, as described in the previous chapter. 

This chapter discusses the Life Cycle Assessment (LCA) methodology and results, 

demonstrating the long-term environmental impact of applying WH-PCM in the building 

envelope. Some of the significant results are compared with those previously published. 

5.2 Numerical Study on the Energy Saving Potential of WH-PCM Walls 

 

5.2.1 Climatic background 

The study area is Guwahati in India; the latitude, longitude and altitude of the place are 26.11° 

N, 91.70° E and 59 meters above sea level, respectively. According to Köppen–Geiger Climate 

Classification, the climatic zone of Guwahati is defined as a monsoon-influenced humid 

tropical climate, which includes warm temperature climate, dry winters and hot summer (Cwa) 

[289]. The reported maximum and minimum temperatures of the location are 30-35oC and 22-

27oC in the summer, respectively [289]. The EPW weather dataset has been used for the 

simulation study [290]. 

5.2.2 Building Model Description 

The current simulations are performed for a typical Assam-type house, which is a common 

residential building structure in the studied area, as shown in Fig.5.1 (a) and 5.1 (c). The 

building is designed for three bedrooms, one living cum dining room and one kitchen (Figure 

5.1 (d)). The inputs for the occupancy details and other appliances for all the rooms have been 

predefined. For comparison, a reference building with the same dimensions and design has also 

been simulated for the energy usage. Based on the analysis of the experimental results 

described in Chapter 4, the WH-PCM layer is inserted on the south and west walls of the 
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building. Therefore, to study the impact of PCM application more accurately, no windows or 

openings are given on the south and west walls (except for a door on the south wall).  

 

Fig. 5.1 (a) Building model, (b) WH-PCM position on wall, (c) Sun path diagram for the 

building model, (d) Detailed floor plan of the building model 

Table 5.1 Thermo-physical properties of the construction materials 

Building 

element 

Materials Thermal 

conductivity 

(W/mK) 

Density 

(kg/m3) 

Specific 

heat 

(J/kgK) 

Thickness  

(m) 

Wall Cement/plaster/mortar 0.72 1860 840 0.012 

 Burned brick 0.85 1500 840 0.11 

 WH-PCM 0.271 510 1630 0.02 

Roof Galvanized 

Corrugated Iron sheet 

50 7850 0.470 0.0004 

Ground floor Rammed Earth 1.28 1460 880 0.3 

Sand 2 1950 1045 0.15 

Cement plaster 0.72 1860 840 0.75 

Cement screed 1.4 2100 650 0.04 

Door Painted Oak  0.19 700 2390 0.035 

 

The walls of the reference room are constructed using the material listed in Table 5.1. All the 

construction materials for the reference room and PCM room are the same, except for the wall 
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configuration as shown in Fig.5.1 (b), where a WH-PCM layer is applied on the south and west 

walls for the PCM building. Table 5.2 presents the WH-PCM properties that are used for the 

simulation study. 

Table 5.2 Properties of WH-PCM 

PCM 

name 

Density 

(kg/m3) 

Melting 

point (oC) 

Heat of 

fusion 

(J/g) 

Specific 

heat-solid 

(J/kgK) 

Specific 

heat-

liquid 

(J/kgK) 

Thermal 

conductivity 

(W/mK) 

WH-

PCM 

510 31.50 66.63 1.63 3.86 0.27 

 

5.2.3 Mathematical formulation 

The simulation has been performed in EnergyPlus V23-1-0 software using the DesignBuilder 

interface (Version 6.1.0.006). EnergyPlus is a flexible software for simulating building energy 

flows, including lighting, heating, and cooling. It enables detailed analysis of building 

performance, aiding in the design of energy-efficient systems. With its user-friendly tools for 

designing and assessing building designs, DesignBuilder, a graphical interface for EnergyPlus, 

considerably streamlines the modelling process [92,290].   

The study is performed using a one-dimensional Conduction Finite Difference Method 

(CondFD) algorithm, as presented in Eq. 5.1 [291]. The CondFD algorithm takes care of the 

changing thermal properties during the phase transition process of the WH-PCM during the 

simulation, as represented by Eq. 5.2 [291]. 
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(5.3) 

The 𝑓 mentioned in Eq. 5.2 is used to describe the liquid phase of PCM, which varies according 

to Eq. 5.3 [291]. 

TH-4107_206154005



 

Techno-Economic and Life Cycle Analysis of biocomposite PCM-incorporated building 

Page | 139 

 

where is the specific heat capacity in kgKkJ / ,   is the density in 
3/ mkg , k  is the thermal 

conductivity in mKW / , f  is the melting fraction, mH  is the latent heat of PCM in kgkJ / , 

sT  and lT  is the solidification and melting temperature in K , respectively.  

EnergyPlus uses the finite difference method to solve the heat transfer equation, where the 

building envelopes are divided into nodes, as shown in Fig. 5.2.   

 

Fig. 5.2 Node depiction for the condFD model [292] 

In this current study, the WH-PCM is modelled using the hysteresis method so that the actual 

building envelope scenario can be observed. Eq. 5.4 is used for the discretization of all the 

elements of the building model [167]. To get better accuracy from the model, the timestep for 

the study is considered as 12, relaxation factor of 1, inside face surface temperature 

convergence criteria as 0.01, and space discretization constant as 3, which is equivalent to the 

Fourier number  oF  of 1/3.  

oF

t
tcx





  (5.4) 

where c  is the spatial discretization constant,   is the thermal diffusivity and t is the time 

step.  

The fully implicit scheme has been employed for the phase change energy calculations out of 

the two schemes available under the CondFD method. It incorporates specific heat-based 

enthalpy-temperature functions for enhanced precision. The fully implicit heat transfer model 

equation is shown in Eq. 5.5 [167,290,293]. 
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where 
j

iT is the temperature of the node i  at time j , in K , i  is the node that is being modelled, 

1i  adjacent node to the interior of the construction, 1i  is the adjacent node to the exterior 

of the construction, 1j is the new time step, j is the previous time step, x is the finite 

difference layer thickness, wk  is the thermal conductivity of the interface between the nodes i  

and  1i  in mKW / , and Ek  is the thermal conductivity of the interface between nodes i  and  

 1i in mKW / . 

The specific heat of PCM depends on temperature, as shown in Eq. 5.6 [291]. 
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where iH  is the node enthalpy. 

The detailed input parameters used for the building simulation are described in Table 5.3. 
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Table 5.3 Input parameters for the building model used in the simulation 

Total Building area 90.04 m2 Net conditioned building area  79.67 m2 

Height of the floor 3.5 m Gross roof area 124.48 m2 

Envelope: Window to wall ratio 

 Total North East South West 

Gross wall area 167.72 38.50 45.36 38.50 45.36 

Window opening area 20.87 10.44 10.43 0.00 0.00 

Gross window-wall ratio 12.44 27.12 22.99 0.00 0.00 

 

Zone summary 

     

 Area (m2) Conditioned 

(Y/N) 

Volume (m3) Lighting 

Intensity 

(W/m2) 

Occupancy density 

(person/ m2) 

Plug and process 

(W/m2) 

Block 2:Zone 2 10.62 Yes 37.18 5 0.02 20.58 

Block 3: Zone 3 7.08 No 24.79 15 0.02 30.28 

Block 4: Zone 4 3.28 No 11.50 5 0.01 2.16 

Block 5: Zone 6 18.22 Yes 63.76 5 0.02 3.58 

Block 1: Zone 1 27.81 Yes 97.35 7.5 0.01 3.90 

Block 6: Zone 2 23.02 Yes 80.56 5 0.02 3.58 

Roof 1: Zone 5 84.27 No 95.52 NA NA NA 
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Boundary conditions 

Weather data IND_Guwahati.424100_ISHRAE.epw 

Number of conditioned zones 4 Number of 

unconditioned zones 

3 

Cooling set-point (oC) 25oC Natural ventilation On for an unconditioned zone 

Infiltration (ACH) 0.7 Indoor maximum 

temperature control 

25oC 

Simulation parameters 

Simulated period: 12 months 

Solution algorithm Conduction Finite 

Difference 

Finite Difference 

scheme 

Fully implicit first order 

Time steps per hour  12 Space discretization 

constant 

3 

Inside surface convection 

algorithm 

TARP Outside surface 

convection algorithm 

DOE-2 

HVAC template Split no fresh air 

Fuel: electricity from the grid Seasonal COP: 1.8 

 Schedule type: 7/12 schedule 
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5.3 Validation of numerical investigation with experimental study 

In this study, the simulation study is validated against an experimental study conducted in the 

same climatic conditions, as explained in Chapter 4. An identical room, with the same inner 

dimensions, construction materials and operating conditions as the experimental set-up, has 

been simulated using EnergyPlus (DesignBuilder), as shown in Fig.5.3. The experiment has 

been carried out for 24 hours on 20th July 2024. The temperature profiles of the experimental 

and simulated rooms for the 24 hours have been compared and reported for validation.  

 

(a) 

 

(b) 

Fig. 5.3 Building model for validation, (a) Numerical model, (b) Experimental set-up 

As shown in Fig. 5.4, the temperature profile of both experimental and numerical investigations 

has been plotted over 24 hours. The trend in the temperature variation in both the experimental 

and numerical investigations is similar. A standard error of 2.88% can be observed between 

the experimental and the numerical study. The root-mean-square-error of the numerical and 

experimental analysis is found as around 1.72%, which implies numerical model is accurately 

represents the experimental data. In the case of the simulated WH-PCM room, all the walls of 

the room have been constructed with a WH-PCM layer, sandwiched between bricks. On the 

contrary, in the experimental study, the WH-PCM is inserted into the slot of the brick and then 

used for wall fabrication. The dissimilarity in construction of wall layers between the 

experimental set-up and numerical analysis causes a higher experimental indoor temperature 

than the simulated indoor temperature for the selected period of study. A similar type of 

variation between experimental and numerical studies has also been published in other 

literature  [96,291].  
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Fig. 5.4 Validation between experimental and numerical analysis 

 

5.4 Energy performance evaluation of the reference and PCM buildings 

Figures 5.5 and 5.6 present the comparative results obtained from real Assam-type buildings 

with the application of WH-PCM on the south and west walls, as mentioned in Section 5.2.2. 

Fig.5.5 shows the comparison between the annual cooling energy demand and the energy 

required per total building area for both buildings. The annual cooling energy demand for the 

reference building is found to be 8780.12 kWh, whereas the same is 6018.07 kWh for the 

building with WH-PCM enhanced walls. Here, the cooling energy refers to the HVAC system 

applied in the living and dining room and the three bedrooms. Accordingly, the energy required 

per total building area for the reference and PCM building is 99.57 and 66.84 kWh/m2, 

respectively. The results indicate that the biocomposite PCM is not only useful in interior 

temperature regulation, as obtained from experimental results, but also enhances the energy 

efficiency of the building. The energy consumption reduction (ECR) is calculated with the help 

of Eq. 5.7 [200]. 

   
 

100
PCMNoEC

PCMECPCMNoEC
ECR 


  (5.7) 

The ECR for the WH-PCM building is calculated as 31.4%, which implies that the WH-PCM 

enhanced wall cuts down the operational hours of the HVAC system by efficiently storing and 

releasing heat.  
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Fig. 5.5 Comparison of annual cooling 

energy and energy per total building area  

 

Fig. 5.6 Comparison of the building 

sensible cooling load and peak cooling load 

The annual cooling consumption reduction with the WH-PCM enhanced wall is also supported 

by peak cooling demand reduction compared to the normal building. The EnergyPlus output 

report showed that the peak cooling demand occurs both for the reference and the PCM 

building in the month of June at the peak afternoon hours, corresponding to the summer season. 

But the peak cooling demand is reduced by 1.33 kW, as shown in Fig. 5.6. The WH-PCM-

enhanced wall is thus capable of reducing peak cooling demand, thereby lowering energy costs, 

easing HVAC sizing, and enhancing grid efficiency, making the choice more economical and 

sustainable. As the southern and western walls with WH-PCM reduce the heat gain, the 

sensible cooling load of the building also decreased by 24.14%, as shown in Fig. 5.6. A 

simulation study conducted by Anter et al.[294] also reported a reduction of 66% energy gain 

during summer for Aswan City, Egypt (latitude 24.09° N, longitude 32.9° E). They used a 1.5 

cm layer of PCM on both inner and outer surfaces, which reduced the wall temperature by 

3.4oC. Similarly, another study showed a total energy savings of 822.9 kJ/m2 for maintaining 

thermal comfort while using a layer of PCM of 40 mm thickness near the interior surface of a 

wall in a south-facing room [295].  

5.5 Economic analysis 

Based on the simulation study, it is evident that the installation of WH-PCM enhanced walls 

leads to a reduction in the cooling energy demand of air-conditioning systems in an Assam-

type residential house. However, before implementing these walls in real buildings, it is crucial 

to assess their economic feasibility. In the present study, three fundamental economic 

parameters have been evaluated to gain insights into this aspect. The cost of WH-PCM and 
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electricity is taken as INR600/kg and INR8.15/unit, respectively, as per the current Indian 

market, for calculating the economic parameters. The cost of the WH-PCM is evaluated, 

including all the expenses related to biomass collection, electricity cost for biochar production 

and other expenses during production, transportation, procurement of OM35, etc.  

5.5.1 Static/simple payback period (SPP) 

The simple payback period is the amount of time required for an investment to generate cash 

flows sufficient to recover its initial cost. It is calculated by dividing the initial investment by 

the annual cash inflow, or by summing annual cash flows until the cumulative amount equals 

the original investment [296]. In this particular case, the initial cost includes the cost of WH-

PCM that is required for the modification of the west and south walls. The SPP is estimated as 

per Eq. 5.8 [194]. As per the design that is adopted in the current study, the weight of WH-

PCM to provide a layer between the bricks is approximately 302 kg for the two walls in the 

specified building. When WH-PCM is manufactured on a laboratory scale, the total cost of 

WH-PCM is estimated to be around INR181200. This amount is considered the initial cost 

 PCMC  for calculating the simple payback period. In this case, the annual savings  S  refer to 

the total yearly electricity cost savings resulting from the use of passive walls in south and west 

direction, specifically the reduction of 2762 kWh in cooling energy consumption. 

S

CPCMSPP  (5.8) 

The calculated SPP is 8.03 years. Thus, the payback period falls within a favourable range for 

building structures and is considered financially secure. A study conducted by Sahili et al.[288] 

showed that using three layers of PCM with different melting temperatures reduced the annual 

cooling energy demand by 15.21%, resulting in a lowest SPP of 12.94 years. 

5.5.2 Dynamic/discounted payback period (DPP) 

The dynamic payback period, also known as the discounted payback period, is the time it takes 

for the present value of an investment’s cash inflows to recover the initial investment, 

considering the time value of money. Each future cash flow is discounted back to its present 

value using a specified discount rate, and the period is determined when the cumulative 

discounted cash flows equal the initial outlay. This method provides a more accurate 

assessment than the simple payback period, as it reflects the reduced value of future cash flows 

[194]. The dynamic payback period is calculated as per Eq. 5.9 [198]. 
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(5.9) 

where I is the modified discount rate, which is calculated using the discount rate for the time 

value of money ti  and the annual inflation in the electricity tariff r , as described in Eq. 5.10 

[198]. 

 
 

1
1

1







r

i
I  (5.10) 

For the present study, the i  and r values are assumed to be 6% and 4%, respectively, as per the 

Indian economy [297].  

The estimated DPP is around 9.16 years, which is greater than the simple payback period. As 

it has been reported that the service life of a normal PCM is about 35 years [198], the energy 

savings achieved through the incorporation of WH-PCM will offset the initial investment costs 

before the end of its service life based on both SPP and DPP.  As DPP more accurately reflects 

real-world energy management, the lower value of DPP makes the system economically more 

viable.  The present payback periods are compared with different already published works, as 

shown in Table 5.4. 

5.5.3 Net Present Value (NPV) 

Net Present Value (NPV) is defined as a financial parameter that determines the potential future 

profits of a project. NPV calculates the difference between the existing value of the inflow of 

cash and the current value of the outflow of funds over the period of an investment, using a 

specified discount rate. NPV incorporates the time value of money by converting all future 

cash flows into their present value through discounting. The NPV  is calculated using Eq. 5.11 

[198]. The 𝑁 value, representing the life span, is assumed to be 30 years[194].  

  
  N

N

Ii

IS






1

11
NPV  

(5.11) 

NPV should always be in the positive range for a project to be economically viable. Negative 

NPV results in a loss, indicating that the studied project will generate less value than the cost 

of the project. The NPV for the incorporation of biocomposite PCM on the building wall is 

positive, and the value is INR 162685.19, indicating the profitability of the option.  
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Table 5.4 SPP and DPP values for PCM-integrated buildings under 

different climatic conditions 

References Type of 

study 

Type of 

building 

Type of 

climate 

SPP 

(years) 

i value 

(%) 

DPP 

(years) 

Imafidon et 

al.[198] 

Simulation Typical 

Canadian 

residential 

building 

Tropical 15.63 1 8.28 

3 8.85 

5 9.52 

Raheim et 

al. [195] 

Simulation One room 

with a 

heavyweight 

envelope 

Hot and dry 44.2 Not 

given 

Not 

given 

Mi et al. 

[194] 

Simulation Multi-story 

office 

building 

Subhumid 

warm  

5.91  6 7.52  

 

Humid 

subtropical  

5.99   7.64  

Subtropical 

monsoon  

7.07   9.48  

Subtropical 

plateau 

monsoon 

19.91   NA  

Tropical 

monsoon 

30.09  NA 

M’hamdi et 

al.[200] 

 

 

 

 

 

 

Simulation Residential 

house 

Mediterranean 

climate (hot 

summer)  

32.98  

 

 

 

 

Not 

given 

 

 

 

 

 

Not 

given 

 Semi-arid 

climate with 

warm winter 

34.49 

 Arid climate 

with warm 

winter   

54.45 

Present 

study 

Simulation Residential 

Assam-type 

house 

Tropical hot 

and humid 

8.04 6 9.16 
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5.6 Life cycle assessment (LCA) 

As described in the previous section, the techno-economic analysis shows the economic 

viability of using WH-PCM on the south and west walls of a real Assam-type building model. 

In addition, it is essential to evaluate the environmental sustainability of this developed material 

before implementation in real buildings. Therefore, an LCA study has been conducted and 

presented in the next sections. The current LCA evaluates the environmental impacts associated 

with constructing a WH-PCM brick wall throughout the entire service life of a building. To 

simplify the analysis, the same building model and associated design parameters assumed for 

techno-economic analysis have been adopted to assess the environmental assessment. The 

current analysis is based on the energy saving results of the Assam-type building after WH-

PCM incorporation (described in Section 5.4).  

Life cycle assessment comprises the compilation and evaluation of the inputs, outputs and the 

potential environmental impact of a product system throughout its life. LCA methodology is 

based on the standards of ISO 14040 and ISO 14044 [298]. The present LCA has been 

performed through SimaPro software (Version 9.0). The details of the LCA study have been 

highlighted in the subsequent sections.  

5.6.1 Goal and scope definition 

The objective of the LCA is to study the environmental impacts of using WH-PCM 

incorporated bricks on the south and west walls of a building, with the aim of energy savings 

of air conditioning systems. The methodology of this study follows a cradle-to-grave analysis. 

A comparative LCA analysis is carried out for the model buildings outlined earlier in Section 

5.2.2. 

5.6.1.1 Functional unit  

In this study, the functional unit is defined as the energy savings potential of 1 m² of WH-PCM 

incorporated brick wall compared to a normal wall over a 30-year lifespan of the building. 

Thirty years of building lifespan is selected based on previous literature [201][202]. 

5.6.1.2 System boundaries 

The phases considered for this LCA are raw material extraction, manufacturing, transportation, 

on-site construction, operation and end of life. The initial process starts with the manufacturing 

phase, which comprises raw material extraction for different construction materials, 

transportation and on-site construction. For WH-PCM incorporated bricks, the manufacturing 
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phase consists of making biochar from water hyacinth biomass through pyrolysis, preparation 

of WH-PCM by simple impregnation method, and inserting PCM onto the clay bricks by 

making a slot. The other inputs related to wall manufacturing are the same for both the tested 

buildings. The operational phase of both buildings is similar as the same type of air-

conditioning system is assumed to run for the building lifespan of 30 years. The end-of-life 

process includes the disposal of the construction material to the landfill or incineration, based 

on the type of materials.  

5.6.1.3 Assumptions 

To simplify the analysis, the following assumptions are assumed throughout the study [204].  

1. As for both the test houses, an air-conditioning system has been used; therefore, the 

manufacturing phase of the air-conditioner has not been included in the study. 

2. The useful lifespan of the building is taken as 30 years. 

3. The energy mix is assumed to be constant for the studied lifespan. 

4. The energy consumption by the air-conditioning system has been obtained from the 

EnergyPlus study as explained in the previous sections.  

5. No information is available for the disposal of the biocomposite PCM. Therefore, the 

disposal method used for organic material is taken as a database for the same.  

6. The WH-PCM layer is constructed as a layer, rather than as a slotted brick, maintaining 

the same thermal properties of the experimental wall. 

7. The thermal, chemical and physical properties of WH-PCM are assumed to remain the 

same throughout the lifespan of the building.  

8. Material properties obtained under laboratory conditions were assumed to be applicable 

under actual building operating conditions. 

 

5.6.2 Life cycle inventory (LCI) 

The Ecoinvent 3 life cycle inventory database integrated within SimaPro 9 software has been 

used to assess the overall scores and impacts of the components. The Ecoinvent database covers 

most sectors, including energy supply, agriculture, transport, biomaterials, construction 

materials, metals, electronics, and waste treatment. The ecoinvent database is known for its 

consistency and timely updates, and extensive online documentation. All the impacts are 

measured per kg of material for the calculations. For all the material and processes, the unit 

process is selected, which includes the inputs and outputs of the smallest element in the life 
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cycle inventory analysis. Regarding the geographic origins of materials, the GLO (Global) 

option, which represents activities applicable worldwide, has been applied. In some cases, the 

ROW (Rest of the World) and the IN (India) options have been selected. Some particular data, 

such as water hyacinth biochar, the pyrolysis process is missing in the database of Ecoinvent 

3; therefore, direct measurement values from experimental data are taken for analysis.  The 

mass and properties of the material used in this LCA are tabulated in Tables 5.5 to 5.9. For 

WH-PCM incorporated walls, all the material and quantity remain the same except for WH-

PCM. At the end of the building’s life cycle, construction materials are assumed to be 

landfilled, recycled, or incinerated in accordance with the Ecoinvent database and the adopted 

methodology, as summarized in Table 5.10. As no established disposal routes currently exist 

for the bio-based PCM, municipal solid waste incineration is assumed for the same.    

Table 5.5 LCI for 1m2 normal wall 

Material Quantity 

Cement {IN}|market| Allocation, cut off by classification, Unit 10.8 kg 

Sand {IN}|market| Cut off by classification, Unit  36 kg 

Cement mortar {IN}|transformation, hand mixed| Cut off by 

classification, Unit 

1 cm thickness 

(52.74 kg) 

Clay brick {GLO}|market for| Cut off by classification, Unit 50 bricks (175 kg) 

Water supply{IN}| Tap water production-conventional treatment| Cut 

off by classification, Unit 

5.94 kg 

Table 5.6 LCI for 1m2 WH-PCM wall 

Material Quantity 

WH-PCM incorporated bricks| Experimental data 50 bricks (159 kg) 

Table 5.7 LCI for 1 kg of WH-PCM brick manufacturing 

Material Quantity 

WH-PCM (direct measurement)| Experimental data 0.01667 kg 

Cement plaster {IN}|transformation, hand mixed| Cut off by classification, 

Unit 

0.000092 m3 

Electricity, medium voltage {IN: North-Eastern grid}|| Cut-off by 

classification, Unit (Electricity for brick cutting) 

0.0174 kWh 

Table 5.8 LCI for 1 kg of WH-PCM production 

Material Quantity 
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Biochar (direct measurement)|Experimental data 0.6 kg 

Paraffin wax| Experimental measurement 0.4 kg 

Electricity, medium voltage {IN: North-Eastern grid}|| Cut-off by 

classification, Unit (Electricity for PCM preparation) 

0.32 kWh 

Electricity, low voltage {IN: North-Eastern grid}|| Cut-off by classification, 

Unit (Electricity for biochar grinding) 

0.3 kWh 

 

Table 5.9 LCI for 1 kg of biochar production 

Input Material Quantity 

Biomass| Experimental data 3.3 kg 

Electricity, medium voltage {IN: North-Eastern grid}|| Cut-off by 

classification, Unit (Electricity for pyrolysis) 

8 kWh 

Electricity, low voltage {IN: North-Eastern grid}|| Cut-off by classification, 

Unit (Electricity for water pump) 

2.33 kWh 

Argon gas| Experimental data 1.02 kg 

Freight, light commercial vehicle {RoW}, market for transport, freight, 

light commercial vehicle, Cut-off, Unit 

0.005 tkm 

 

Table 5.10 Waste disposal mythology of the construction materials 

Waste treatment method Quantity 

Waste brick {GLO}|market for| Cut-off, U 175 kg 

Waste cement in concrete and mortar {GLO}|market for| Cut-off, U 10.8 kg 

Municipal solid waste (waste scenario) {ROW}| treatment of municipal 

solid waste, incineration| Cut-off, U (for WH-PCM) 

2.5 kg 

Transport, freight, lorry 16-32 metric ton, euro3 {ROW}|market for 

transport| Cut-off, U 

50 km 

 

5.6.3 Life cycle impact assessment and interpretation 

The following assessment indicators have been used to quantify the environmental impacts of 

WH-PCM incorporated buildings over conventional buildings. 

i. IPCC 2021 GWP20 V1.01 (with characterization) 

ii. IPCC 2021 GWP100 V1.01 (with characterization) 

iii. ReCiPe 2016 Midpoint (H) V1.07 (with normalization) 

iv. ReCiPe 2016 Endpoint (H) V1.07 (single score) 
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v. Cumulative energy demand V1.07 (single score) 

vi. Cumulative exergy demand V1.07 (single score) 

 

Table 5.11 Impact categories description 

Impact 

category 

indices 

Impact category name  Assessment 

step 

Unit Description 

IPCC 2021 Global warming potential  

GWP 20,100 

Characterization kg CO2 

eq 

Climate change 

impact 

ReCiPe 

Midpoint  

 

Particulate matter, 

ionizing radiation, ozone 

depletion, human toxicity 

(cancer), human toxicity 

(non-cancer), global 

warming, water use, 

ozone formation, 

freshwater ecotoxicity, 

freshwater 

eutrophication, terrestrial 

ecotoxicity, terrestrial 

acidification, land use, 

marine ecotoxicity, 

marine eutrophication, 

mineral resources, fossil 

resources 

Normalization Points 

(Pts) 

Early-stage 

cause-and-effect 

chain of 

environmental 

damage 

ReCipe 

Endpoint  

Resource, Ecosystems, 

Human Health 

Single-score Points 

(Pts) 

Aggregates the 

midpoint impacts 

into overall 

damage 

indicators 

Cumulative 

Energy 

Demand  

Cumulative Energy 

Demand  

Characterization MWh Total primary 

energy extracted 

from nature 

Cumulative 

Exergy 

demand  

Cumulative Exergy 

demand  

Characterization MWh Total exergy 

extracted from 

nature 

 

The details of each indicator are explained in Table 5.11. The characterization, normalization 

and single score, mentioned in the Table 5.11, are the successive assessment steps through 

which the inventory data are converted to quantified environmental impact indicators. 

Characterization involves multiplying each inventory flow by its corresponding 
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characterization factor, which is defined for the specific elementary flow and impact category. 

Normalization gives a dimensionless number, where the characterized results are normalized 

with a reference value. Single score is the overall environmental indicator, where the 

normalized score is multiplied with weighting factor, based on subjective weighting of each 

category [299].  

5.6.4 Global warming potential (GWP) 

The International Panel of Climate Change (IPCC) has been issuing the global warming 

potential (GWP) of different gases for more than 35 years. Global warming potential is defined 

as the amount of heat trapped by the emission of 1 ton of a gas compared to the emission of 1 

ton of CO2 over a specified period. The GWP of CO2 is considered to be 1 for reference. The 

time period for GWP calculation is usually taken as 100 years, which is termed as GWP100. A 

20-year GWP (GWP20) is another alternative for GWP100, which is basically used for shorter 

life-span gases [300]. Emissions of non-CO2 greenhouse gases are commonly expressed as 

carbon dioxide equivalents by multiplying their mass by the corresponding GWP. Total global 

warming potential (GWP) is calculated as the sum of three indicators: fossil GWP, biogenic 

GWP, and GWP from land transformation (land-use change). GWP fossil indicates the 

emissions related to the burning of fossil sources, either for thermal work or for electricity 

generation. GWP biogenic refers to CO2 absorption and release originating from the biological 

carbon cycle. The land transformation indicates the emissions caused by activities like 

deforestation and conversion of agricultural land [301].  
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Fig. 5.7 GWP 20 comparison 

 

Fig. 5.8 GWP 100 comparison 

In the case of the current analysis, the WH-PCM impregnated building shows lower values for 

both GWP20 and GWP100 compared to the normal building, as depicted in Figures 5.7 and 

5.8. The higher values of GWP20 over GWP100 indicate that the short-lived climate pollutants 

have a stronger warming effect over the short time horizon. If the time frame is considered as 

100 years, most of the pollutants decay and the related warming potential is reduced. The 

integration of WH-PCM results in a reduction of approximately 30% for both GWP20 and 

GWP100. The lower GWP value is obtained due to the operational energy savings throughout 

the lifespan. The emission associated with the construction phase is offset during the use phase 

of the buildings.  

5.6.5 Cumulative energy and exergy demand 

Cumulative energy demand (CED) is an indicator that signifies total primary energy consumed 

throughout the entire life cycle of the building from cradle to grave. CED primarily quantifies 

the energy extracted from nature, both from renewable and non-renewable sources. Cumulative 

exergy demand (CEDX) is a tool to measure the quality of energy throughout its life span. As 

exergy is related to useful energy potential, the same concept is applied for the LCA study. 

CED deals with the energy efficiency of buildings, whereas CEDX is concerned with the 

thermodynamic sustainability of the building.   
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Fig. 5.9 Cumulative energy and exergy demand (single score) 

The WH-PCM integrated building shows lower values both for energy and exergy demand 

compared to the normal building by 30.14% and 30%, respectively, as shown in Fig.5.9. The 

operational energy demand dominates the total value, and operational energy savings occur 

through load shifting, peak reduction and reduced HVAC run time. WH-PCM also make the 

building thermodynamically more efficient than the considered normal building. The building 

cooling demand is a low-grade energy demand, which is supplied with high-grade energy using 

electrical appliances. The use of the WH-PCM layer traps heat, which is a form of low-grade 

energy, and thus the exergy efficiency gets improved over the operational phase of the building. 

The environmental penalty caused during the manufacturing phase is negligible compared to 

the operational phase.  

5.6.6 ReCiPe 2016 midpoint 

Midpoint categories represent the environmental impact at an intermediate stage. The 18 

different categories are already mentioned in Table 5.11.  From Fig.5.10, it can be concluded 

that a WH-PCM impregnated building is environmentally less harmful than a normal building 

for all 18 categories. The range of reduction across various categories varies from around 22 

to 30% between the normal and the WH-PCM integrated building. The highest impact can be 

seen from the human carcinogenic toxicity. This particular category quantifies the potential 

health damage to human health due to exposure to carcinogenic substances. The higher value 

may be attributed to the building construction phase, during which substantial emissions of 

carcinogenic substances occur. Similar observations were made when ester has been used as 
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PCM for an experimental cubicle set-up where the highest impact was shown for human health 

and fossil fuel category [207]. 

 

Fig. 5.10 ReCiPe 2016 midpoint categories (with normalization) 

5.6.7 ReCiPe 2016 endpoint 

 

Fig. 5.11 ReCiPe method midpoint and endpoint categories relation 
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Fig. 5.12 ReCiPe 2016 endpoint categories (single score) 

In ReCiPe endpoint method, all the 18 impact categories are summarized in three damage 

categories, as shown in Fig.5.11. In ReCiPe endpoint method, the parameters are expressed in 

“Point (Pt) unit, which is a single score, combining characterization, damage assessment and 

normalization [206]. As the endpoint analysis is based on the midpoint analysis, human health 

is showing the highest impact among the three categories. The total analysis shows that the use 

of a PCM wall is 29.4% more environmentally friendly than the conventional wall. The 

endpoint analysis is shown in Fig. 5.12. 

5.6.8 Embodied and operational impact 

Fig.5.13 represents the comparison of total environmental impact (ReCipe Endpoint single 

score) between the embodied and operational impacts. As explained earlier, the embodied 

impacts of a WH-PCM impregnated building are higher compared to a normal building. The 

reason for such a higher impact is because of the extra processes involved in the preparation of 

WH-PCM, which consists of pyrolysis of biomass, preparation of WH-PCM, PCM 

impregnated bricks and wall construction, which are additional to the construction of a normal 

building. WH-PCM building operational impact is much lower than normal building. The 

analysis shows that the manufacturing phase of the PCM wall is 11.15% more environmentally 

impactful than the manufacturing of a normal wall. But the operational phase is showing a 

47.41% reduction in environmental impact compared to the normal building.  
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Fig. 5.13 Embodied and operational impacts comparison of ReCiPe 2016 endpoint (single 

score) 

5.7 Summary of the chapter 

The current chapter describes the techno-economic and LCA analysis of a WH-PCM-

impregnated Assam-type building model. The integration of WH-PCM on the south and west 

walls of the modelled building shows considerable potential in annual cooling energy savings, 

also indicating strong economic feasibility. The LCA analysis indicates that the incorporation 

of WH-PCM has an overall positive environmental impact. The study confirms that the 

significant energy savings during the operational phase offset the environmental burden 

associated with the manufacturing of WH-PCM incorporated bricks. Based on the findings, it 

has been found that the developed biocomposite PCM, when used in buildings, gives a major 

beneficial impact in the environment compared to the reference building, by reducing 

approximately 30% impacts in GWP100, 29.4% in key endpoint impact categories, and 30.14% 

in cumulative energy demand throughout the building life span. The next chapter summarizes 

the findings of the present research and outlines the scope for future research.
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6.1 Conclusions and key findings 

The current study addresses the development of an alternative, passive and affordable building 

cooling solution for rural households. The study comprises the preparation of a novel 

biocomposite PCM using abundantly available biomass in the rural areas and directly applies 

the developed material onto the building wall. The key findings of the present study are 

highlighted in the following section. 

Although organic PCM is widely used among all the commercially available PCMs due to 

numerous desirable qualities for building thermal management, the inherent disadvantages of 

leakage and low thermal conductivity are two critical challenges. To attenuate the challenges, 

seven different porous biochar materials are developed from three different biomasses, namely 

water hyacinth (WH), sugarcane bagasse (SCB) and yellow oleander (YO). Mesoporous 

biochar has been used as an encapsulating scaffold for incorporating OM35 (PCM) through 

simple impregnation method. The seepage of liquid PCM during phase transition is prevented 

through weak physical affinity between biochar and OM35. The chemical n-alkane chain of 

PCM remains intact after composite formation. The leakage stability test, conducted after 500 

thermal cycles, confirms the excellent performance of the biochar matrix in maintaining the 

structural integrity of the biocomposite PCM. A thermal conductivity enhancement of 50.55% 

is observed for the biocomposite PCM with water hyacinth biochar. The suitable melting 

temperature range of 31-32°C makes the developed PCMs perfect for use as a building cooling 

material in tropical climates. Considering the physical, chemical, and thermal stability, 

biocomposite PCM with water hyacinth biochar as a supporting matrix (WH-PCM) is 

recommended for further building applications. 

The study also extensively represents the feasibility of using biocomposite PCM on grooved 

bricks for passive thermal management in building walls. A mass of 50 g of WH-PCM has 

been inserted into a 20 mm thick groove in a red clay brick commonly used in rural 

construction. Walls have been constructed with WH-PCM embedded brick on a pre-fabricated 

cast iron structure. Directional analysis in the outdoor environment revealed that the orientation 

of PCM integrated walls has a significant impact on their thermal performance. For a hot and 

humid climate, it has been noticed that the WH-PCM-impregnated wall behaves best in the 

west direction, followed by the south direction, during the experimental period in terms of 

inside temperature reduction.  The maximum peak temperature reduction is 10.47% on the west 

side wall. Along with the directions of the WH-PCM incorporated walls, three different 
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positions of the WH-PCM layer within the wall thickness have been investigated. The study 

highlights that when biocomposite PCM is applied in the middle of the wall thickness, 

consistent indoor temperature fluctuation has been observed throughout the experimental time 

for almost all four directions. The investigation revealed that placing the WH-PCM layer near 

the interior surface of the wall is not effective for the studied climatic zone. The quality testing 

of the grooved brick with WH-PCM has been carried out, revealing that the water absorption 

capacity of clay bricks decreased by 19.23% after the insertion of WH-PCM, an improvement 

that is desirable for building applications. The compressive strength analysis shows that the 

brick with WH-PCM on the middle layer comes under grade 7.5 according to IS 1077: 1992 

standards, which falls within the range for building construction. 

The modified bricks with WH-PCM on the middle layer have been then used to construct an 

outdoor experimental cubicle (inner dimension of 1m3) to analyse the interior thermal 

performance. The effect of the walls on the interior temperature reduction has been observed 

for one summer month. During the daytime, when the solar insolation is at its peak, WH-PCM 

walls store the heat, and thus the interior of the PCM cubicle remains cooler than the reference 

cubicle. It has been found that the interior temperature of the cubicle with WH-PCM enhanced 

wall is lower at the peak hours for the summer months, with a peak temperature difference of 

around 6oC, compared to the identical reference cubicle. Similar to the previous results, the 

maximum temperature difference between the WH-PCM and reference wall in the south and 

west directions is found to be 10.45°C and 9.08°C, respectively, for around 1:15 PM in the 

afternoon. In conclusion, the incorporation of WH-PCM on the south and west-facing walls is 

recommended for passive indoor temperature regulation. 

The techno-economic and life cycle analysis have also been conducted in the current study. An 

Assam-type building with WH-PCM impregnated south and west walls has been modelled and 

evaluated for cooling energy consumption. The annual energy consumption reduction for the 

WH-PCM building is calculated as 31.4%, compared to a normal identical building, under the 

same environmental conditions. Techno-economic analysis shows the feasibility of applying 

WH-PCM in real buildings with positive net present value and acceptable payback periods. 

The cradle-to-grave LCA study for a building lifetime of 30 years shows that the use of a WH-

PCM wall is 29.4% more environmentally friendly than the conventional wall due to the 

reduction in the electricity demand for the air conditioning system.  
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6.2 Scope for future research 

The present work involves the development of new and affordable PCM, using locally 

available biomass materials in rural areas. The developed material can passively control indoor 

temperature when embedded in bricks, providing a cost-effective solution for houses in remote 

locations with limited access to grid electricity. However, the scope for future research in this 

particular domain is very promising, and some of them are listed below.  

 It has been found that relative humidity plays a significant role in determining thermal 

comfort in buildings, along with the other three primary environmental parameters, Viz. 

air temperature, radiant temperature, and air velocity. Therefore, in addition to 

temperature, the effect of incorporating PCM into walls on indoor humidity can be 

experimentally investigated for a more comprehensive analysis. In addition, the 

development of hygrothermal PCMs at the material level for building applications 

remains a largely unexplored area and offers significant potential for future research.  

 Before using as a green building material, the issue of the flammability of organic PCM 

needs proper attention. A comprehensive investigation of the fire safety performance 

of the developed PCMs is an important area for future research. If fire safety 

requirements are not met, incorporating suitable fire-retardant additives into 

biocomposite PCMs may offer another promising research direction.  

 The long-term stability of the developed PCM through durability testing over thousands 

of thermal cycles can be performed under real environmental conditions to 

comprehensively understand their long-term behaviour and performance. 

 Thermal management evaluation of PCM walls on a real-scale building throughout 

different climatic areas can be a scope of research, focusing on practical applicability, 

constructability, and economic feasibility. Such studies could explore and compare 

various methodologies for PCM incorporation in buildings, including use as a wall 

layer, integration within cement mortars, or fabrication of fully biocomposite PCM-

based bricks, rather than limiting the approach to embedding PCMs into commercially 

available bricks.  
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 The thermal regulation performance of the biocomposite PCM envelope for alternative 

applications, such as cold storage and similar temperature-controlled environments, can 

be investigated in future. For every application, the selection of parent PCM may differ 

according to the required operating temperature; however, the potential of such systems 

can be systematically investigated through appropriate material development following 

the methodology adopted in the present study. 

 Future studies may investigate the integration of PCM storage systems with active heat 

pump systems, sourced from renewable energy, for reducing demand for heating energy 

in buildings. The study may focus on the optimum design and development of a PCM 

heat exchanger to meet the daily heating requirement in buildings for the high-altitude 

regions of India.  
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Appendix I 

Design of thermal cycling chamber 

The heating and cooling load requirement of the thermal cycling chamber is calculated as per 

the following section. 

1) Total volume of the chamber = 0.18 m3 (as per the pre-decided dimension of chamber 

as tabulated in Table 3.1) 

2) Since, the thermal conductivity of polyethylene twin wall sheet and glasswool thermal 

conductivity is 0.4 W/mK and 0.04 W/mK, respectively. The overall thermal resistance 

provided by the surface of the wall will be 0.775 m2K/W (considering the thickness as 

tabulated in Table 3.1). Thermal resistance provided by polyethylene sheet and 

glasswool will be 0.025 m2K/W and 0.75 m2K/W respectively. 

3) Since the chamber lower surface is made up of plywood, the heat loss is assumed to 

happen through the other 5 surfaces including the door. 

4) Total surface area = 1.68 m2 

5) The design temperature of the chamber is 15-50oC. 

6) The conductive heat transfer loss will be 45.16 W/m2. 

7) Assuming, the density and specific heat of air to be 1.2kg/m3 and 1.005 kJ/kgK at 

atmospheric pressure, to heat the air of the chamber from 15 to 50oC, the heating load 

requirement will be 7.59 kJ. 

8) Considering 20% loss of the system, the heat load requirement will be 9.11 kJ. 

9) As rapid heating is needed for performing thermal cycling test, it is assumed to meet 

the temperature requirement in 5 minutes. 

10) Power requirement to meet the heat load in 5 minutes will be 30.37 W. Considering the 

heat losses, the actual power requirement will be 75.86 W. 

11) Therefore, it is required to provide 106.23 W of power to heat the system. Thus, a 150 

W incandescent bulb will be installed in the system considering the heat gain from the 

bulb is 90% of the rated power.   

12) After heating, the cooling of the chamber needs to perform in the same temperature 

range and again the time is assumed to be 5 minutes. Therefore, the cooling load 

requirement will be 106.23 W. Since, Peltier cooling system is less costly than 

refrigeration unit, so it is proposed to use Peltier cooling element of 12 V. 
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13) Considering maximum current provided as 8 A, one Peltier cooling element rated power 

will be 96W. Assuming, the temperature difference of 30oC between the hot and cold 

side, the COP of the element will be 0.5.Therefore, practically one element cooling 

capacity will be approximately 48 W. Considering the other system losses as 15%, one 

Peltier element can give approximately 40W. Therefore, to meet the cooling 

requirement, 3 Peltier cooling module will be sufficient. But, as a factor of safety 4 

cooling module will be installed.  

14) As the chamber volume is 0.18 m3, to distribute the cooling load, 8 Peltier cooling 

modules are installed at different positions at shown in Figure 3.2, so that at one time 4 

module can be operated as per the requirement. Alternatively, the four modules are 

operated.  
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