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The objective of this study is to improve the thermal characteristics of gypsum ceiling boards intended for building 

envelope applications, focusing on enhancing energy efficiency by integrating graphite-infused phase change material 

(PCM). The investigation examines PCM incorporation with graphite powder (PCMGP) at 10 % and 20 % mass ratios 

using differential scanning calorimetry (DSC) analysis. The results indicate that the melting points of PCM, 

PCMGP – 10 %, and PCMGP – 20 % are approximately 59.6 °C, 59.6 °C, and 59.8 °C, respectively. Notably, the PCMGP-

10 % composite displays a narrower melting temperature range, signifying superior thermal characteristics. The PCMGP-

10 % composite layer significantly reduces the average room temperature by up to 3.79 % compared to non-PCM gypsum 

ceiling boards, up to 2.11 % compared to PCM layers without infused graphite, and up to 1.41 % compared to the PCMGP-

20 % composite layer under controlled temperature conditions when applied to gypsum ceiling boards. The optimized 

PCMGP composite enhances thermal performance and thermal energy storage efficiency, leading to significant electrical 

energy savings by reducing cooling requirements within the building envelope. The implications of this study are crucial 

for sustainable construction materials and energy conservation strategies. Incorporating PCMGP composites in building 

envelopes has the potential to enhance energy efficiency and thermal comfort, thus supporting sustainable and energy-

efficient construction practices. 
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1. INTRODUCTION 

Over the past decade, energy use in buildings has 

increased due to rapid urbanization, population growth, 

increased durations spent indoors, and elevated standards of 

comfort and quality for indoor living [1]. Building energy 

consumption now constitutes a substantial portion of the 

global energy use, emphasizing the need for significant 

energy savings through optimal building design [2]. In 

tropical climates with high temperatures and solar intensity, 

buildings struggle with heat buildup [3]. Most energy in 

these areas goes towards cooling indoor spaces with air 

conditioning, which is an active cooling method requiring 

external energy to operate [4]. Therefore, passive cooling 

methods have emerged as viable alternatives to traditional 

cooling systems in response to this challenge, relying on 

natural processes for heat transfer without external power 

input [5]. 

Latent heat storage (LHS), particularly using Phase 

Change Materials (PCMs), has become a prominent passive 

method, improving the thermal inertia of building envelopes 

[6]. This strategy aims to stabilize temperature fluctuations, 

thereby enhancing indoor comfort for inhabitants [7]. 

PCMs, engineered for LHS, encompass a wide array of 

organic and inorganic compounds capable of transitioning 

between phases within temperature ranges optimized for 

distinct uses [8]. This distinctive feature allows PCMs to 

efficiently absorb and store substantial amounts of heat 

when transitioning between different states, subsequently 

releasing this heat when conditions change [9]. 
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Recently, PCMs have been widely applied in different 

building envelope components, such as walls [10], windows 

[11], floors [12], roofs [13], and ceilings [14], significantly 

reducing energy consumption and notably improving 

thermal comfort within these structures. 

Paraffin, as an organic PCM, has been applied in 

building applications due to its dependability, affordability, 

and notable LHS capabilities, and recognized safety [15]. 

However, its comparatively low thermal conductivity 

hinders its application as a PCM, limiting its adaptability in 

various applications [16]. This challenge has prompted 

numerous approaches to address the limitation, as evidenced 

in the existing literature [17 – 22]. 

For instance, C.Yadav and R.R. Sahoo [17] investigated 

natural convection in nano-enhanced PCM within a 

cylindrical thermal energy storage (TES) system. They 

measured temperature variations for stearic acid PCM with 

Al2O3 nano-additives, finding that a 0.3 % mass fraction 

reduced charging time by up to 16.6 %. In a different 

approach, S. M. Borhani et al. [18] developed a dynamic 

heat transfer model to analyze a heat exchanger utilizing 

metal foam-infused PCM under various flow conditions. 

Their findings indicated a 93.6 % decrease in melting time 

and improved heat storage rates with the use of metal foam. 

In a study by H.G. Kim et al. [19], thermal storage in 

concrete was explored using PCM/SiC-based composite 

aggregate. The study evaluated properties through 

Differential Scanning Calorimetry (DSC), conductivity 

assessments, and temperature evaluations. The results 

showed a phase transition of the composite at 33 – 34 °C, 
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leading to a rise in internal temperatures by 2 – 10 °C, 

resulting in a 3 °C decrease in room temperature and 

enhanced TES. Meanwhile, M. Falcone et al. [20] 

investigated RT35 paraffin PCM using thermal cycles. 

Utilizing electrical top heating as their method, the 

researchers emphasized the benefits of incorporating a 

copper metal foam with 95 % porosity into a PCM storage 

system. This enhanced thermal conductivity improved heat 

transfer, reduced PCM melting time (29.54 % melting time 

reduction), and maintained temperatures below 20 K 

compared to pure PCM under the same top heat flux. B.M. 

Suyitno et al. [21] enhanced PCM-paraffin's thermal 

conductivity using volcanic ash, creating composites with 

10 wt.%, 30 wt.%, and 50 wt.% ash. The paraffin50/ash50 

composite improved thermal conductivity from 0.214 to 

19.598 W/m·K and had a discharge rate of 4.21 ℃/min, 

much higher than pure paraffin's 1.69 ℃/min. In another 

study, T. Oya et al. [22] developed innovative Phase Change 

Composites (PCC) featuring erythritol PCM and 

graphite/nickel particles, achieving significantly higher 

thermal conductivity, surpassing the original PCM by two 

orders. Testing revealed notable enhancements, particularly 

with 20 vol.% spherical graphite, reaching 4.72 W/m⸱K 

with 15 vol.% expanded graphite, which is 6.4 times higher 

than pure erythritol. 

The primary objective of the research is to enhance the 

efficiency of TES systems using paraffin, which is a PCM. 

To achieve this, the study proposes integrating paraffin with 

Graphite powder (GP), a material known for its high thermal 

conductivity. The primary objective of the research is to 

enhance the efficiency of TES systems using paraffin, which 

is a PCM. To achieve this, the study proposes integrating 

paraffin with GP, a material known for its high thermal 

conductivity. The integration of paraffin with GP is 

expected to significantly improve the thermal performance 

of PCM. To explore this enhancement, the study undertakes 

a comparative analysis of the thermal properties of paraffin 

in its standalone form and when combined with GP in a 

composite structure. The research employs DSC as a 

sophisticated analytical tool to thoroughly assess and 

compare the thermal characteristics of these configurations. 

This approach allows for a detailed examination of the heat 

flow and phase changes in the materials, providing valuable 

insights into their thermal behavior and potential for 

improving TES efficiency. 

The investigation also evaluates the thermal 

performance of these materials when incorporated into 

ceiling boards. This is crucial as the heat transmissibility 

into the building's roof structure significantly contributes to 

daily heat transfer into indoor spaces. These investigations 

show that, in addition to increasing the thermal conductivity 

of paraffin using PCM with GP, this study also employed a 

novel approach by combining PCMGP with the building 

envelope on the ceiling to reduce the temperature inside the 

building. Moreover, this application was evaluated under 

the temperature conditions of a tropical climate, a scenario 

rarely explored in previous research. 

2. MATERIALS AND METHODS 

2.1. Analysis and encapsulation of phase change 

materials 

Paraffin, an organic PCM, showcases an impressive 

latent heat capacity. Derived from petroleum, coal, or tar, 

this white or colorless soft solid consists of hydrocarbon 

molecules, mainly from the alkane series, typically 

containing between 18 and 30 carbon atoms [23]. Paraffin 

wax exhibits a unique ability to absorb, retain, and cyclically 

release substantial heat during its transition from solid to 

liquid states. This property makes it an efficient material for 

LHS applications, where heat is absorbed or released 

without a significant change in temperature [24].  

The PCM was melted and combined with graphite 

powder at 10 % and 20 % mass ratios, as shown in Fig. 1. 

To display homogeneity and prevent any irregularities, the 

mixtures were continuously stirred until they solidified, 

forming composites, as shown in Fig. 2. 

  

a b 

Fig. 1. a – paraffin (PCM); b – graphite powder (GP) 

The mass ratios of GP content in the PCMGP mixtures 

were determined using Eq. 1. 

mass percentage of GP (%) =
mass of graphite powder (GP) 

mass of phase change material
× 100.  (1) 

The mass ratios of 10 % and 20 % graphite powder have 

received special attention, as previous research [22] 

demonstrated that enhancing the thermal conductivity of 

PCMs with high thermal conductivity materials, particularly 

solid powders like graphite, can be achieved by mixing 

these powders in ratios of approximately 0 – 20 % by 

weight. 

 

Fig. 2. The schematic of the PCM/graphite (PCMGP – 10 % and PCMGP – 20 – %) composites preparation 
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This approach increases the thermal conductivity of the 

PCM without significantly affecting the amount of PCM 

functioning as a latent heat storage. 

Subsequently, the thermal process characteristics of 

PCM, PCMGP – 10 %, and PCMGP – 20 % were examined 

using DSC with a temperature range between 0 °C and 

80 °C by applying a heating rate of 5 °C/min. The paraffin-

type PCM was contained in polyethylene (PE) bags 

measuring 0.15 m × 0.15 m. Each PE bag contained 

approximately 50 g of PCM with a thickness of 0.001 m. 

These bags were arranged between two reflective plates, 

forming layers of PCM, PCMGP – 10 %, and PCMGP – 20 % 

with an area of 1.0 m × 1.0 m, as exhibited in Fig. 3. 

 

a b 

Fig. 3. The PCM and PCMGP layout: a – the PCM layer samples; 

b – the PCMGP layer samples for integrating into the ceiling 

board 

2.2. Experimental set-up 

The PCM, PCMGP – 10 %, and PCMGP – 20 % layers 

were integrated into the gypsum ceiling board. The 

dimensions of the testing design and the location of the 

thermal source installation are illustrated in Fig. 4 – Fig. 6, 

exhibiting a room with dimensions of 

1.0 m × 1.0 m × 1.0 m. The walls and floor were 

constructed using 1 cm thick plywood sheets, with the 

interior wall insulated by 0.1 mm thick polyethylene sheets 

to prevent heat transfer. The ceiling component was 

constructed using a 0.5 cm thick gypsum board with 

dimensions of 1 m × 1 m, while the roof section was 

covered by a 0.5 cm thick metal sheet measuring 

1 m × 1.3 m and inclined at a 40° angle from the horizontal. 

The model was thoroughly tested and controlled 

temperatures at 60 °C, 70 °C, and 80 °C, simulating heat 

exposure using a heat source of nine 500-watt halogen 

lamps. These lamps were positioned approximately 

0.3 meters above the roof and controlled through a voltage 

dimmer. 

Various temperatures were monitored using K-type 

thermocouples with an accuracy of approximately ± 0.5 °C 

at key locations in the experimental setup. These locations 

included above the metal roofing sheet (TAR), outside 

surface temperature of the roof (TR1), inside surface 

temperature of the roof (TR2), attic space temperature (TAT), 

PCM/PCMGP layer temperature (TPCM), upper ceiling 

surface temperature (TC1), lower ceiling surface temperature 

(TC2), interior room temperature (TRoom), and ambient 

temperature (TAB), as exhibit in Fig. 4 – Fig. 6. Throughout 

the 300-minute experiment, temperature readings at each 

position were measured and recorded continuously in 1-

minute intervals using a data logger. The ambient 

temperature was maintained at approximately 25 °C 

through the use of an air conditioner. This comprehensive 

monitoring aimed to investigate the thermal fluctuation 

under various conditions. 

 
a 

 
b 

Fig. 4. Testing configuration: a – schematic representation of the 

testing model setup; b – configuration of fixed 

thermocouple positions in the model without the PCM 

layer 

 

a b 

Fig. 5. Testing configuration: a – schematic representation of the 

testing model setup; b – configuration of fixed 

thermocouple positions in the model with a PCM layer on 

the ceiling 
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a b 

Fig. 6. Testing configuration: a – schematic representation of the 

testing pattern setup; b – design of the fixed thermocouple 

locations in the model with the PCMGP layers 

(PCMGP – 10 %, PCMGP – 20 %) on the ceiling 

3. RESULTS AND DISCUSSION 

3.1. Thermal characteristics analysis of PCM and 

PCMGP 

The selection of a PCM for integrating into building 

frames to reduce cooling loads is an important decision in 

architectural and energy-efficient design. One of the key 

factors in this selection process is the phase change 

temperature range of the PCM [25]. For optimal 

performance and efficiency, it's important that the phase 

change temperature range of the PCM remains below the 

temperature level of the building envelope [26]. The main 

emphasis of this research is on the thermal characteristics of 

paraffin when used as a PCM within a temperature range of 

0 °C to 80 °C, which were considered to investigate the 

melting and solidification revolution by using DSC analysis. 

The DSC analysis revealed two distinct curves of heat flow 

against temperature, representing endothermic and 

exothermic peaks (Fig. 7). Between 0 °C and 80 °C, the 

endothermic reaction curve displayed two negative peaks. 

The first endothermic peak (TEn) occurred around 43.4 °C 

with a heat (∆HEn) of 36.38 J/g, signifying the initiation of 

the paraffin melting process. A subsequent endothermic 

peak (TEnL) emerged at approximately 59.6 °C, exhibiting a 

latent heat (∆HEnL) of 155.83 J/g, signifying the continuous 

phase transition of paraffin into a liquid state from the initial 

peak. As the temperature decreased from 80°C to 0°C, the 

analysis revealed the presence of two separate exothermic 

reaction peaks. The first broad exothermic peak (TExL) at 

around 58.5 °C, with a latent heat (∆HExL) of 148.04 J/g, and 

a secondary, smaller exothermic peak at approximately 

40.4 °C (TEx). This exothermic peak showed with a heat of 

23.91 J/g (∆HEx), was related to the solidification process, 

and attributed to the thermal release of paraffin. This study 

is mainly concerned with the thermal properties of paraffin 

as a PCM, which were investigated using DSC analysis over 

a temperature range of 0 °C to 80 °C. The results of the 

study emphasized the beneficial range of melting and 

solidification temperatures exhibited by this particular 

paraffin-based PCM. This specific temperature range makes 

it particularly well-suited for applications focused on 

reducing interior temperatures within buildings and 

enhancing overall energy efficiency and comfort levels 

within structures. This is particularly relevant in tropical 

regions where roof temperatures, particularly metal roofs, 

can reach around 70 °C or higher during warm days [27]. 

The study investigated the various mass ratios of GP 

affect the phase change characteristics of PCM-based 

composites. Two distinct mixtures were created, comprising 

10 % and 20 % GP by mass. The thermal properties of these 

composites, along with the pure PCM, were evaluated using 

DSC in a temperature range of 0 °C to 80 °C as exhibited in 

Fig. 7 and Table 1. With the incorporation of GP, the DSC 

result of the composites closely resembled those of the pure 

PCM. However, minor shifts were observed in the melting 

and solidification points. The initial PCM showed a melting 

point of 59.6 °C. Incorporating 10 % and 20 % GP led to 

marginal increases in the melting point, measuring 59.6 °C 

and 59.8 °C, respectively. For the solidification of the pure 

PCM, the point was at 58.3 °C. With 10 % and 20 % GP, 

slight reductions in solidification temperatures were noted, 

at 57.5 °C and 56.8 °C, respectively. Additionally, the DSC 

curves of the PCM-GP composites closely resembled those 

of the pure PCM. This similarity implies that the 

incorporation of GP did not lead to chemical alterations or 

change the intrinsic chemical properties of the PCM [28]. 

 

Fig. 7. DSC results illustrating the thermal characteristics of the 

PCM without infused GP (0 % GP), the PCMGP – 10 %, 

and the PCMGP – 20 % composites 

The melting temperature range (TEnL) widths for PCM 

(0 % GP), PCMGP – 10 %, and PCMGP – 20 % composites 

were approximately 8.5 °C, 6.3 °C, and 8.1 °C, 

respectively. Conversely, when examining the solidification 

temperature range (TExL) for these materials, they exhibited 

widths of approximately 8.9 °C, 8.5 °C, and 8.8 °C, as 

illustrated in Table 1. 

Table 1. Thermal characteristics from DSC results of the PCM 

without incorporated GP (0 % GP), the PCMGP – 10 %, 

and the PCMGP – 20 % composites 

Reaction of 

heat 

Thermal 

characteristics 

Conditions 

PCM 
PCMGP-

10% 

PCMGP-

20% 

Endothermic 

0°C →80°C 

TEn °C 43.4 42.5 42.1 

∆HEn J/g 36.38 29.89 28.24 

TEnL °C 59.6 59.6 59.8 

∆HEnL J/g 155.83 138.09 128.24 

WEnL °C 8.5 6.3 8.1 

Exothermic 

80°C →0°C 

TEx °C 40.4 40.4 39.3 

∆HEx J/g 23.91 27.09 27.29 

TExL °C 58.3 57.5 56.8 

∆HExL J/g 148.04 138.70 129.42 

WExL °C 8.9 8.5 8.8 
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The PCMGP – 10 % composite exhibited a narrower 

temperature range of phase change process compared to 

both the PCM without GP (0 % GP) and PCMGP – 20 % 

composite configurations. This reduction indicates the 

usefulness of GP in enhancing the thermal performance of 

paraffin. In particular, during the endothermic process, 

PCMGP – 10 % exhibits a 25.88 % reduction in melting time 

compared to PCM (0 % GP). This improvement surpasses 

the 16.6 % thermal efficiency enhancement achieved by 

PCM (stearic acid) with nano-Al2O3 additives [17] and 

approaches the 29.54 % reduction obtained by incorporating 

95 % porous copper metal foam into the PCM storage 

system [20]. The study highlights the improvement 

achieved through the PCMGP – 10 % composite, 

emphasizing its potential to enhance thermal properties 

through the incorporation of GP, known for its high thermal 

conductivity, into PCM. This addition facilitates more 

uniform and rapid heat distribution, thereby enhancing the 

efficiency of heat exchange between PCM and the 

environment. Consequently, PCM transitions into the heat 

storage and release phases more effectively, resulting in 

only minor changes in the melting and solidification 

temperature points without affecting the temperature range 

and unique phase transition characteristics of PCM. The 

findings emphasize the feasibility of optimizing the 

proportion of GP in the composite to achieve the desired 

thermal characteristics, thereby contributing to the 

advancement of PCM-based materials in various thermal 

management applications. 

3.2. Thermal behavior of different testing 

conditions 

3.2.1. Average temperatures at various locations for 

each condition 

When the thermal source was kept at a constant 

temperature of 60 °C, the variations in TAR, TR1, TR2, TAT, 

TPCM, TC1, TC2, and TAB were monitored for cases involving 

no PCM layer, a PCM layer without GP, a PCMGP – 10 % 

layer, and a PCMGP – 20% layer, as shown in Fig. 8. The 

ambient temperature was maintained at approximately 

25 °C. The temperature at each position was recorded every 

minute for 300 minutes. For the no-PCM layer condition 

(Fig. 8 a), the temperature at each position progressively 

increases from the ambient temperature and begins to 

stabilize at all positions after 90 minutes. The temperature 

stability at each position is contingent on the distance from 

the heat source, leading to variations in heat transmission. 

The average temperatures at TAR, TR2, TAT, TC1, TC2, and TAB 

positions were approximately 51.3 °C, 51.8 °C, 32.3 °C, 

31.8 °C, 32.0 °C, and 25.1 °C, respectively, as shown in 

Table 2. The temperature variations in each location for the 

PCM layer (0 % GP), PCMGP – 10 % layer, and 

PCMGP – 20 % layer on the ceiling board at a fixed 

temperature of 60 °C were similar to those of the no-PCM 

layer model, as depicted in Fig. 8 b – d. Average 

temperatures at each location in all patterns increased as the 

temperature was raised from 60 °C to 70 °C and 80 °C, as 

outlined in Table 2. This indicates that the temperature 

variations observed in controlled testing may differ from 

those in real weather conditions, which can fluctuate with 

daily weather patterns [29]. 

  
a b 

  
c d 

Fig. 8. Temperature evolution across different locations at a 

consistent temperature of 60°C: a – No-PCM layer; 

b – PCM layer (0 % GP); c – PCMGP – 10 % layer; 

d – PCMGP – 20 % layer on ceiling board 

Table 2. Average temperatures at each position under different conditions of controlled temperature (60 °C, 70 °C and 80 °C) 

Tcontrolled Conditions 
Average temperature at each location, °C 

TR1 TAR TR2 TAT T PCM TC1 TC2 TAB 

60 °C 

Without PCM 60.2 51.3 51.8 32.3  –  31.8 32.0 25.1 

PCM 60.1 52.0 49.7 31.8 32.8 30.7 31.0 25.2 

PCMGP – 10 % 60.2 53.9 48.6 30.9 32.0 30.2 30.5 25.2 

PCMGP – 20 % 60.0 54.5 49.1 31.4 32.5 30.5 30.8 25.2 

70 °C 

Without PCM 70.1 66.5 59.2 34.4  –  33.6 35.2 25.1 

PCM 70.0 63.1 56.6 33.9 34.7 32.9 33.3 25.2 

PCMGP – 10 % 70.2 61.9 55.8 33.2 34.2 31.0 32.1 25.1 

PCMGP – 20 % 70.1 62.4 56.2 33.6 34.5 32.2 32.8 25.2 

80 °C 

Without PCM 80.0 75.2 66.2 36.2  –  34.9 36.7 25.1 

PCM 80.1 72.5 64.9 35.3 36.2 33.4 34.2 25.1 

PCMGP – 10 % 80.1 70.2 62.8 34.2 35.0 32.9 33.1 25.2 

PCMGP – 20 % 80.1 71.4 63.5 34.9 35.4 33.0 33.8 25.1 
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In addition, the paraffin PCM examined demonstrates 

an indefinite number of heat emission cycles and does not 

rot, thereby averting material degradation over time. Its 

installation is analogous to that of general thermal insulation 

sheets, thereby maintaining the integrity of the original 

building structure. Furthermore, the selection of PCM based 

on DSC results allows for adaptation to diverse 

environments beyond controlled laboratory conditions. This 

study underscores the importance of the temperature range 

during the melting and solidification processes of PCM, 

along with ambient temperature, as critical factors 

influencing the efficiency of heat absorption and emission. 

Consequently, meticulous selection is imperative to ensure 

optimal performance under varying conditions 

3.2.2. Decrement factor of each condition 

The temperature differences (∆T) between TR1 and 

TRoom under various controlled temperatures settings are 

displayed in Table 3, along with the temperature difference 

(∆T) between the exterior surface and the interior of the 

testing room for each condition. With the thermal source 

consistently maintained at 60 °C, the temperature 

differences for the configuration without a PCM layer, with 

the PCM layer (0 % GP), PCMGP – 10 % layer, and 

PCMGP – 20 % layer installed on the ceiling board were 

approximately 31.2 °C, 31.6 °C, 32.3 °C, and 31.7 °C, 

respectively. In the absence of a PCM layer, ∆T surged from 

31.2 °C to 49.2 °C as there was an increase of the controlled 

temperature from 60 °C to 80 °C that was controlled by 

using the thermal source. The temperature difference trends 

for conditions involving the PCM layer (0 % GP), 

PCMGP – 10 % layer, and PCMGP – 20 % layer installation 

on the ceiling board were similar to those of the pattern 

without installing a PCM layer, as outlined in Table 3. 

Temperature decrement factors were assessed at both 

the outside roof surface and inner space in each model, and 

compared across different configurations: without a PCM 

layer, with PCM (0 % GP), PCMGP – 10 % layer, and 

PCMGP – 20 % layer at constant controlled temperatures of 

50 °C, 60 °C, 70 °C, and 80 °C. These findings are detailed 

in Table 3 and Fig. 9 a. The temperature decrement factor 

(ʄ) is important as it indicates the percentage reduction in 

heat transfer through the outside roof surface into the inside 

testing model in each condition. 

 
a 

 
b 

Fig. 9. The temperature decrement factor (ʄ) and average inside 

room temperatures of various models 

The calculation of decrement factor is based on Eq. 2, 

emphasizing the importance of these factors in 

understanding how various configurations affect thermal 

transmission [33]. 

Temperature decrement factor (ʄ) =
TR1 - TRoom 

TR1
× 100% = 

∆T

TR1
× 100% .

 (2) 

In the absence of a PCM layer, the temperature 

decrement factor (ʄ) for the position of the outside roofing 

sheet surface (TR1) to the position of the inside temperature 

of the model (TRoom) increased from 51.8 % to 61.5 % when 

the temperature at the outer roof surface increase from 60 °C 

to 80 °C. 

Table 3. Average temperatures (TR1 and TRoom), temperature difference (∆T), percentage of temperature decrement factor (ʄ), under 

different controlled temperature of each condition 

Tcontrolled Conditions 
Average temperature, °C ∆T 

Temperature decrement factor (ʄ) 
TR1 TRoom (°C) 

60 °C 

Without-PCM 60.2 29.0 31.2 51.8% 

PCM 60.1 28.5 31.6 52.6% 

PCMGP-10% 60.2 27.9 32.3 53.7% 

PCMGP-20% 60.0 28.3 31.7 52.8% 

70 °C 

Without-PCM 70.1 29.5 40.6 57.9% 

PCM 70.0 29.0 41.0 58.6% 

PCMGP-10% 70.2 28.1 42.1 60.0% 

PCMGP-20% 70.1 28.6 41.5 59.2% 

80 °C 

Without-PCM 80.0 30.8 49.2 61.5% 

PCM 80.1 30.1 50.0 62.4% 

PCMGP-10% 80.1 29.0 51.1 63.8% 

PCMGP-20% 80.1 29.8 50.3 62.8% 
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The tendency of decrement factor for the pattern with 

integrated PCM (0 % GP), PCMGP – 10 % layer, and 

PCMGP – 20 % layer conditions mirrored that of the 

configuration without a layer of PCM, as exhibited in 

Table 3 and Fig. 9 a. The integration of the PCMGP-10% 

layer exhibited higher ∆T and higher temperature decrement 

factors, attributable to the heat absorption capabilities of the 

PCM, thereby exhibiting insulating properties. Moreover, 

the addition of GP in optimal proportions enhanced the heat 

absorption and emission performance of the PCM, 

effectively reducing heat transmission through the roof 

structure and mitigating heat accumulation within the house. 

This improvement significantly contributes to energy 

conservation in buildings [30, 31]. 

3.3. Comparison of average inside room 

temperatures 

Table 3 and Fig. 9 b present the average indoor room 

temperature (TRoom) for each condition at various controlled 

temperatures. At a controlled temperature of 60 °C, the 

average TRoom values of the configuration without a PCM 

layer, with integrating PCM (0 % GP), PCMGP – 10 % layer, 

and PCMGP – 20 % layer conditions were approximately 

29.0 °C, 28.5 °C, 27.9 °C, and 28.3 °C, respectively. The 

PCMGP – 10 % layer condition exhibited the lowest average 

TRoom, surpassing the other conditions by approximately 

3.79 %, 2.11 %, and 1.41 %, respectively, compared to the 

configuration without a PCM layer, with integrated PCM 

layer (0 % GP), and PCMGP – 20 % layer conditions. In the 

absence of a PCM layer, the increase of average TRoom was 

at around 29.5 °C and 30.8 °C when the testing temperature 

was constantly controlled to 70 °C and 80 °C, respectively. 

The average TRoom for the other models also exhibited a 

similar upward trend as the model without a PCM layer 

(Fig. 9 b). Notably, the testing model with PCM and PCMGP 

layers, particularly the PCMGP – 10 % layer, demonstrated a 

reduction in average TRoom in contrast to the setup without 

PCM integration across all controlled temperature 

conditions. The successful integration of GP-infused PCM 

into gypsum ceiling boards has demonstrated significant 

potential for improving indoor thermal comfort and 

reducing energy consumption. These findings suggest 

broader applications for GP-infused PCM in diverse 

building components, such as walls, roofs, and flooring. To 

fully realize the benefits of this technology, further research 

and development are required to optimize material 

performance, address economic viability, and ensure 

compliance with building regulations. Ultimately, 

widespread adoption of graphite-infused PCM in the 

construction industry could contribute substantially to the 

creation of more sustainable and energy-efficient buildings 

[32, 33]. 

Furthermore, the incorporation of PCM and PCMGP into 

construction materials on a larger scale is possible, 

depending on the type of PCM. Paraffin, an organic PCM 

derived from petroleum products, is cheap, readily 

available, stable in absorbing and releasing heat, has an 

infinite cycle of usage, is water-insoluble, chemically inert, 

and is not harmful to packaging or building structures, and 

has no negative impact on the environment. However, 

paraffin has a low thermal conductivity, which can be 

improved by incorporating GP. GP is lightweight, cost-

effective, and has a high thermal conductivity, making it the 

most suitable method compared to metal fins, metal powder 

particles, or graphene powder. 

Additionally, this study on PCM encapsulation and 

analysis encounters several limitations, including: 

1. Material and experimental constraints: Variations in 

paraffin source, small experimental scale, and limited 

temperature control conditions may not accurately 

reflect real-world performance. 

2. Material properties and performance: Inconsistent 

graphite distribution, polyethylene encapsulation 

limitations, and the exclusive focus on paraffin restrict 

the evaluation of optimal material combinations and 

their long-term durability. 

3. Environmental and economic considerations: The study 

neglects the environmental impact of materials and 

lacks economic analysis, hindering a comprehensive 

assessment of sustainability. 

4. Research scope limitations: The study's focus on 

temperature measurements limits insights into heat 

transfer mechanisms. Additionally, the absence of 

comparisons with real-world data and safety 

evaluations restricts practical applications. 

Addressing these limitations is essential for progressing 

the application of PCMs in sustainable building design. 

4. CONCLUSIONS 

Incorporating graphite-infused PCM into gypsum 

ceiling boards for building envelope applications has the 

potential to diminish heat propagation through the building 

envelope. The gypsum ceiling boards with integrated PCM 

and PCM infused with graphite (PCMGP – 10 %, 

PCMGP – 20 %) exhibited lower room temperatures, 

resulting in a reduction of the average room temperature by 

up to 1.72 %, 3.79 %, and 2.41 %, respectively, when the 

outside roof surface temperature was set at 60 °C. In 

comparison to these results models without a PCM layer 

underscores the effectiveness of incorporating PCM and 

graphite-infused PCM in enhancing thermal performance. 

Furthermore, the model incorporating the PCMGP – 10 % 

layer demonstrated an increased temperature decrement 

factor of approximately 3.67 %, 3.63 %, and 3.74 % at 

controlled temperatures of 60 °C, 70 °C, and 80 °C, 

respectively, compared to the model without a PCM layer. 

This suggests that integrating PCM and graphite-infused 

PCM into gypsum ceiling boards results in a more 

substantial reduction in room temperatures and a stronger 

temperature gradient, thereby improving the ceiling's 

insulating materials within the roof structure. This 

enhancement has the potential to decrease energy 

consumption from air conditioner cooling loads and 

decrease the annual peak cooling demand. Furthermore, 

PCMGP composites have been developed as a highly 

effective way for sustainable building design. Integrating 

these materials into building envelopes contributes to a 

more sustainable future by reducing energy consumption 

and enhancing thermal performance, potentially leading to 

more energy-efficient and sustainable buildings. 
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