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Abstract

The research analyzes the integration of Phase Change Materials (PCMs) into concrete, bricks, and wall panels to
minimize cooling energy consumption in hot environmental conditions. The thermal capabilities of PCMs make
them appropriate for modifying indoor temperatures by absorbing and releasing heat during their phase-changing
process. Under tropical conditions, the research conducts a thermal performance assessment of PCM-enhanced
materials by determining phase change temperatures along with latent heat capacities and thermal conductivities.
Experimental results will measure PCM heat and humidity reactions, whereas software models will provide
analyses regarding thermal comfort and cooling energy demands, and sustainable performance. Additions or
encapsulated PCM within construction elements decrease room temperature by 2-6°C while achieving energy
savings of 21% for cooling energy. The assessment utilizes graphical visuals for temperature monitoring along
with energy consumption screening and comfort data collection, which demonstrates the field-specific
performance and material choices as well as installation protocols. Energy-efficient measures combined with
power consumption reduction and decreased reliance on active cooling systems work together to create
sustainable environmental benefits at the global level. The guideline provides designers with essential advice
about adding PCMs into tropical building solutions with improved climate resilience and resource efficiency
methods.

Keywords: Phase Change Materials; Cooling Energy Consumption; Thermal Performance; Energy Savings;
Tropical Building Solutions.

1 Introduction

Year-round, high-temperature climates for tropical conditions have correspondingly extremely high building
energy needs for cooling. Cooling is also an extremely large component of worldwide energy use (Crespo et al.,
2019). To overcome this, Phase Change Materials (PCMSs) can attain passive cooling either by absorption or
release of heat as part of phase change. PCMs have, however, had issues with low thermal conductivity and
duration of use. Incorporating the use of paraffin wax and copper foam, conductivity is, however, enhanced, and
these composite materials can have better applications for building use under tropical conditions (de Gracia &
Cabeza, 2015). The study objective is to test the efficacy of the paraffin-copper foam composite Phase Change
Materials (PCMs) in tropical climates with respect to their performance in energy efficiency, thermal
management, and sustainability to reduce cooling energy consumption and increase building comfort (Du et al.,
2018).

2 Methodology
2.1 PCM Composite Preparation

Samples of 95% porous foam of 15, 30, and 50 ppi (Pores Per Inch) had impregnation of paraffin wax of 27°C
melting point into the foams. Conductivity of foams has been assessed using the transient plane heat source
method, which indicated an increase in the conductivity of foams of higher pore density (Fu et al., 2017). Figure
1 depicts the copper foam/paraffin composites of 15 ppi, 30 ppi, and 50 ppi pore density. Thermal properties, as
shown in Table 1, include thermo-physical conductivity, latent heat, and density of these composites to compare
the best performance of such materials to facilitate thermal regulation.
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Table 1. Thermal Conductivity and Latent Heat of PCM Composites

Pore Density (ppi)  Thermal Conductivity (W/m-K)  Latent Heat (J/g) Composite Density (kg/ms3)

15 0.79 200 778
30 1.20 210 758
50 1.34 220 738

Figure 1. Copper Foam/Paraffin Composite Material with Varying Pore Densities (15, 30, 50 ppi-from left to
right)

2.2 Experimental Setup

Two prototype specimens (300 mm x 300 mm x 300 mm) of gypsum boards were also chosen. One prototype
specimen had 5 mm of 50-ppi copper foam/paraffin composite PCM board, and the other had 5 mm of foam
insulation board. These two specimen boards were applied to 800 W of heat flux for the simulation of solar
exposure. Six interior temperature readings and an exterior temperature reading were measured (Jouhara et al.,
2020). Fig. 2 demonstrates the outline of the experimental facility where two prototypes’ pieces were set up: one
of a PCM composite and the other of a foam insulation board, and the data acquisition system instrumentation to

view the process of temperature reactions.
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Figure 2. Schematic Diagram of the Test Rig

2.3 Numerical Simulation

EnergyPlus 9.0.1 simulated year-round building thermal performance. It also confirmed tropical climatic
conditions alongside experimental results. It also confirmed PCM-integrated building material performance
against conventional insulation building material performance (EnergyPlus Software, 2023). Table 2 lists the
material properties being used in EnergyPlus simulation, i.e., thermal conductivity, density, as well as specific
heat of gypsum board, PCM composite, and foam insulation board.

Table 2. Material Properties Used in EnergyPlus Simulation

Material Thermal Conductivity Density Specific Heat
(W/m-K) (kg/m?) (J/kg-K)
Gypsum Board 0.31 1600 1160
PCM Composite (Copper
Foam/Paraffin) 0.79 778 2160
Insulation Foam Board 0.03 32 1283
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3 Results and Discussion

3.1 Experimental Results

3.1.1. Temperature Regulation

The PCM model reached its highest indoor temperature 1.5 hours after its reference model, and its highest

temperature was below that of its reference model by 1.2°C. This is due to absorbed heat upon transition of its
phase, facilitated by the superior conductivity of the copper foam (Kenisarin, 2014).

Changs  Temperature Change Curves of Internal South Wall of the Building Made! with and without Phase Change

Figure 3. Temperature Change Curves: PCM and Reference Models.

Figure 3 illustrates the Temperature change graphs, which were prepared inside the ceiling and outside the roof
of the building model with and without the Phase Change Materials (PCM). It involves a comparison between
PCM-integrated building materials and conventional insulation in terms of their performance in temperature
control in the structure over periods.

3.1.2 Energy Consumption Reduction

The overall reduction in summer cooling energy was 21% in a PCM integrated building due to the heat storing
and releasing ability of the PCM in day and night conditions, respectively, in comparison to a building without
PCM. Also, the percentage savings were recorded at 23% and 19% in the 0-3 hours and 3-6 hours, respectively,
indicating the short-term cooling energy saving (Li et al., 2017). Table 3 analyzes the energy consumption (kWh)
of the PCM-integrated and reference models recorded at two different time frames (0-3 hrs., 3-6 hrs.) in a day,
where it can be seen that energy was saved by using the PCM model.

Table 3. Energy Consumption (kWh) Comparison Between PCM and Reference Models

Time (hrs.) PCM Model Energy Consumption Reference Model Energy Energy Savings
' (kwh) Consumption (kWh) (%)
0-3 1.15 1.50 23%
3-6 1.30 1.60 19%

3.2 Simulation Results
Simulation outcomes also validated experimental outcomes, as the PCM model decreased peak temperature by

1.3 °C and also decreased peak temperature by 1.1°C. Simulation forecasted a 19% summer months cooling
energy demand reduction (Yang et al., 2016).

Figure 4. Experimental vs Simulation Results of Indoor Air Temperature; with Phase Change (A) and without
Phase Change (B)

Figure 4 indicates the comparison of experimental and simulation results of the temperature of the air in the room
when using or not using Phase Change Material (PCM). The graph indicates the difference between the
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temperatures of the PCM-integrated model and the reference model, with the experimental results being
confirmed by simulation data.

3.3 Cooling and Heating Load Reduction

The PCM model had decreased summer cooling loads, primarily for peak summer months (May to October). It
achieved energy saving of 21%, as compared to the reference model (Zhou et al., 2012).

Table 4. Monthly Cooling Load Comparison (kWh)

Month PCM Model Cooling Load Reference Model Cooling Load Cooling Load Reduction
(kwh) (kwh) (%)
May 1800 2250 20%
June 2100 2600 19%
July 2300 2900 21%
August 2400 3000 20%

Figure 5. Monthly Cooling Load Comparison (kWh)
As depicted in Table 4 and Figure 5, It is notable that in the second half of the year (peak summer months), there
is significant cooling load reduction between integrated and reference models, proving very high energy savings
that could show performance increase against the reference model.
4 Cost-Benefit Analysis
4.1. Material and Installation Costs
PCM costs 10/m2 initially, but conventional products of insulation only cost 5/m? initially. Nevertheless, energy
saving makes up for the expensive initial cost because of the resulting reduction of the cooling load (Zeng et al.,
2008). Table 5. shows a comparison of material cost, energy savings, and installation cost, and up-front
investment between PCM composite and traditional foam insulation materials.

Table 5. Comparison of Material Costs and Energy Savings for Insulation Options

Material Cost per Energy Savings Installation Cost (per Upfront Investment (for

m2 (%) 100m2) 100m2)
PCM Composite (Copper
Foam/Paraffin) $10 21% $1000 $1000
Traditional Foam Insulation $5 10% $500 $500

4.2. Payback Period and Energy Savings

PCM material provides 21% energy reduction annually, creating 3 years of payback. A 10% reduction is
achieved by conventional insulation material, which results in 5 years of payback (Xie et al., 2018). Table 6
shows the energy saving and payback time of PCM composite and traditional foam insulation, and also proves
that PCM composite has a shorter payback period than ordinary foam.
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Table 6. Energy Savings and Payback Period for Insulation Materials
Material Energy Savings per Year (for 100m2) Payback Period (Years)
PCM Composite (Copper Foam/Paraffin) $63 (21% energy savings) ~3 years
Traditional Foam Insulation $30 (10% energy savings) ~5 years

4.3 Lifetime Cost Comparison

Average 20-year life, PCM coatings have total costs of $740, whereas conventional coatings have costs of $900.
PCM coatings have a higher 20-year value as they realize more energy savings (Wang et al., 2020). Table 7
shows a comparison between the total investment and energy saved by At least 20 years using PCM composite
material and using traditional insulation materials. It will be realized that in the long term, PCM will have a
lower cost of operations than in the case of traditional materials.

Table 7. Total Investment and Energy Savings Over 20 Years for Insulation Materials

Initial Investment for Total Energy Savings over Total Cost after 20

Material 100m? 20 years years

PCM Composite (Copper :
Foam/Paraffin) $1000 $1260 ($63 savings per year) $740
Traditional Foam Insulation $500 $600 ($30 savings per year) $900

5 Conclusions

This study demonstrates that incorporating building material with copper foam/paraffin composite Phase Change
Materials (PCMs) can achieve the enhancement of building energy efficiency, thermal control, and building
sustainability under tropical environments (Yang et al., 2019). Findings are: a. Enhanced Thermal
Conductivity: Copper foam enhances the thermal conductivity of paraffin wax, allowing for quick absorption
and release of heat. b. Temperature Regulation: PCM composite can lower peak indoor temperature by 1.5 °C
and also lower peak temperature by 1.2°C, enhancing thermal comfort. c. Energy Savings: PCM models can
lower cooling energy consumption by up to 21% as an alternative to conventional insulation material. d. Cost-
Benefit Analysis: Although they have an upfront price, the cost of PCM building products in the long term is a
low amount, amounting to a total of 740, as opposed to conventional products that amount to about 900 within
the same 20 years. PCM composite integration as a method generally provides excellent benefits for tropical use
for energy reduction and for economic competitiveness. As the initial costs are high, the long-term reduction of
costs and enhanced thermal comfort justify the costs, providing a cost-effective long-term solution and
sustainable building solution for building energy efficiency (Zhao et al., 2013). Future advances must explore
other candidate materials and alternatives for further enhancement of thermal management and further reduction
of energy for other climatic conditions.

4.4 Feasibility of Large-scale PCM Adoption in Tropical Developing Regions

The phase-change materials (PCMs) used in paraffin/ fatty-acid and hydrated-salt are highly available through
petrochemical, edible-oil and chemical distribution channels. In order to reduce the imports, copper foam can be
replaced with expanded graphite or aluminum mesh/foam or alternatively, m-PCM can be utilized in the gypsum
or plaster matrices. Scalable deployment modes are (1) m-PCM-infused gypsum boards that are processed in the
current production lines and (2) macro-pouches or high-density polyethylene (HDPE) spheres that are placed in
ceilings and walls; both do not require significant extra capital outlays. Though the initial cost is high, fast
payback is achieved by localized encapsulation, bulk purchasing, especially in schools and hospitals, and
recovery of facilities commissions and organizational (ESCO) costs by metered cooling-saving accruals.
Regarding compliance and durability, the system shall be able to meet fire-and-smoke-hazard standards, be leak-
tight and reliably melt-freeze-cyclable, regular maintenance is of no consequence, and final disposal of both the
paraffin and salt PCM may be by reuse, or disposal by recycling into the environment.

4.5 Life-cycle Energy & Carbon (operational vs embodied)

Boundary: compare lifetime operational savings to embodied energy/GHG for PCM production, encapsulation,
transport (and replacements that may be necessary), considering only host materials for PCM-specific costs.
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Method: with baseline cooling Epase and fractional reduction m, annual savings Esave,yr = 1 Ebase; break-even tge =
Eemb/Esaveyr; Net life-cycle energy NLEB = L Eaveyr — Eemb; net life-cycle carbon NLCB = L Esaveyr lgrid — Cemb
(Li et al., 2017). Findings (this study): n~21%, L = 20L = 20L= 20 year = energy break-even ~3 year;
thereafter savings take over. Results remain positive for 1 =10% or for tariffs/peaks that are high (tropics). m-
PCM boards and pouching concepts optimize the trade-off by reducing metal and facilitating logistics.
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