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Abstract 

Phase change biomaterials represent a cutting-edge solution in sustainable building design, offering a 

dynamic approach to thermal regulation. Derived from natural sources such as plant oils and waxes, 

these materials undergo reversible phase transitions, transitioning between solid and liquid states in 

response to changes in temperature. This unique property enables phase change biomaterials to store 

and release thermal energy effectively, making them highly valuable for enhancing energy efficiency and 

thermal comfort in buildings. Incorporating phase change biomaterials into architectural envelopes 

offers a range of benefits. By strategically embedding these materials within building components such 

as walls, ceilings, and floors, architects and engineers can create adaptive thermal envelopes that 

actively regulate indoor temperatures. Moreover, phase change biomaterials contribute to enhanced 

occupant comfort by minimizing temperature fluctuations and creating more stable indoor environments. 

The sustainability benefits of phase change biomaterials further underscore their value in green building 

design. Unlike synthetic phase change materials derived from non-renewable sources, phase change 

biomaterials are derived from renewable resources, aligning with the principles of environmental 

stewardship. Additionally, ongoing research in material science continues to expand the range of 

available biomaterials, offering designers greater flexibility and customization in meeting specific 

project requirements. Phase change biomaterials hold immense promises for revolutionizing the way 

buildings manage energy consumption and thermal comfort. By harnessing the natural properties of 

these materials, architects, engineers, and researchers can create innovative solutions that promote 

environmental sustainability while enhancing the quality of the built environment. As the demand for 

green building solutions continues to grow, phase change biomaterials are poised to play a pivotal role 

in shaping the future of architecture and construction. This research presents a comparative software 

analysis of biomaterials and traditional materials using Opaque software, with results indicating which 

material performs better for thermal insulation in 

adaptive thermal envelopes. 
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INTRODUCTION 

The continuous pursuit of energy-efficient 

building solutions defines the landscape of 

sustainable architecture. A promising avenue of 

research that is gaining traction is the integration of 

phase change biomaterials into architectural 

envelopes. These innovative materials offer a 

dynamic approach to thermal regulation, potentially 
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revolutionizing the way buildings manage energy consumption and enhance occupant comfort [1]. This 

article explores cutting-edge research on phase change biomaterials and their potential to transform 

building envelopes into adaptive systems that respond intelligently to environmental conditions. 

 

PHASE CHANGE BIOMATERIALS 

Biomaterials that undergo phase changes originate from substances such as plant oils and waxes. 

What sets them apart is their ability to undergo reversible phase transitions, changing from solid to 

liquid, and vice versa, in response to temperature variations. This unique characteristic enables them to 

effectively store and release thermal energy, making them ideal candidates for use in building 

envelopes. By strategically embedding phase change biomaterials within architectural components, 

such as walls and ceilings, buildings can achieve thermal inertia, reducing reliance on conventional 

heating and cooling systems [2]. 

 

Phase change biomaterials are a class of innovative substances derived from natural sources such as 

plant oils, waxes, and other organic compounds. These materials are distinguished by their unique 

ability to undergo reversible phase transitions between solid and liquid states in response to changes in 

temperature (Figure 1). This remarkable property enables phase change biomaterials to store and release 

thermal energy effectively, making them highly valuable for a range of applications, particularly in the 

realm of sustainable building design [3]. 

 

The concept of phase change materials (PCMs) has been studied extensively for decades, with 

traditional PCMs often derived from synthetic compounds. However, the emergence of phase change 

biomaterials represents a significant advancement as they offer inherent sustainability benefits. Unlike 

their synthetic counterparts, which may be derived from non-renewable petrochemical sources, phase 

change biomaterials are derived from renewable resources, aligning with the principles of green 

building design and contributing to a reduced environmental footprint [4]. 

 

The potential applications of phase change biomaterials are diverse. In the context of building design, 

these materials can be incorporated into architectural components, such as walls, ceilings, and floors, 

to create adaptive thermal envelopes. Architects and engineers can strategically embed phase change 

biomaterials in building elements. This technique regulates indoor temperatures, reduces temperature 

fluctuations, and minimizes the need for mechanical heating and cooling systems [5]. The result is 

enhanced occupant comfort, significant energy savings, and lower operational costs throughout the 

building lifecycle. 

 

In addition to their thermal capabilities, phase change biomaterials possess additional advantageous 

traits. They frequently demonstrate biodegradability, lack toxicity, and present negligible hazards to 

human well-being and ecosystems. Furthermore, ongoing research in materials science and engineering 

continues to expand the range of available biomaterials, offering designers greater flexibility and 

customization to meet specific project requirements (Table 1). 

 

Phase change biomaterials are essential to unlock their full potential in various applications, 

particularly in the realm of sustainable building design [6]. By harnessing the natural properties of these 

materials, architects, engineers, and researchers can create innovative solutions to enhance thermal 

comfort, reduce energy consumption, and promote environmental sustainability. As the demand for 

green building solutions continues to grow, phase change biomaterials are poised to play a pivotal role 

in shaping the future of architecture and construction, fostering eco-friendly and resilient buildings. 

 

Table 1. Different types of phase change material. 

Organics Inorganics Eutectics 

Paraffin and non-

paraffin  

Salt hydrate 

metallic  

Organic-Organic, Inorganic-

Organic, Inorganic-Inorganic 
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Figure 1. PCM process. (a) Study material properties, and (b) methods of integrating PCM into building 

envelopes. 

 

ENHANCING THERMAL COMFORT AND ENERGY EFFICIENCY 

Phase change biomaterials offer significant promise for improving the thermal comfort and energy 

efficiency of buildings. Their active regulation of indoor temperatures by absorbing excess heat during 

the day and releasing it as temperatures fall distinguishes them from traditional insulation materials that 

provide only passive thermal resistance. This adaptive thermal behavior not only minimizes temperature 

fluctuations but also reduces the need for mechanical heating, ventilation, and air conditioning (HVAC) 

systems, leading to significant energy savings and lower operational costs over the lifecycle of the 

building. 

 

Thermal comfort and energy efficiency are paramount considerations in building design, particularly 

as societies strive towards sustainable living and reduced carbon emissions. One innovative approach 

gaining traction in the architectural community is the integration of phase change biomaterials into 

building envelopes [7]. These materials provide an adaptive approach for managing indoor 

temperatures, thereby reducing energy usage. 

 

Phase change biomaterials sourced from nature, including plant oils and waxes, are known as phase 

change biomaterials. They exhibit a unique characteristic: they can undergo reversible phase transitions 

when exposed to varying temperatures. This property allows them to store and release thermal energy 

as they transition between solid and liquid states. By strategically embedding these materials within 

building components, such as walls, ceilings, and floors, architects and engineers can create adaptive 

thermal envelopes that actively regulate indoor temperatures. The benefits of utilizing phase change 

biomaterials extend beyond mere thermal regulation. 

 

These materials enhance occupant comfort and significantly reduce energy consumption and 

operational costs throughout a building's lifespan. They achieve this by absorbing surplus heat during 

the day and releasing it as temperatures fall, thereby minimizing temperature swings within the structure 

[8] and lessening the reliance on mechanical heating and cooling systems. 

 

Inherent sustainability benefits are offered by phase change biomaterials. Derived from renewable 

sources, they align with the principles of green building design and contribute to a reduced 

environmental footprint [9]. As awareness of climate change and resource depletion grows, adopting 

sustainable building materials, such as phase change biomaterials, has become increasingly important 

in mitigating the impact of the built environment on the planet. 
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The integration of phase change biomaterials offers a promising path for improving building energy 
efficiency and thermal comfort. By harnessing the natural properties of these materials, architects and 
designers can create adaptive environments that respond intelligently to changing conditions, while 
minimizing energy consumption. As the demand for sustainable building solutions continues to increase, 
phase change biomaterials are poised to play a pivotal role in shaping the future of green architecture, 
fostering buildings that are both environmentally responsible and occupant-centric (Table 2). 
 
APPLICATIONS AND ADVANCEMENTS 

Researchers and practitioners are exploring a range of applications and advancements in the use of 
phase change biomaterials in building envelopes. From retrofitting existing structures to the design of 
new constructions, there are many possibilities. Innovative encapsulation techniques ensure the efficient 
incorporation of phase change biomaterials into building components without compromising their 
performance or durability [10]. Additionally, advancements in material science continue to expand the 
palette of available biomaterials, offering designers greater flexibility and customization to meet 
specific project requirements. 
 
SOFTWARE SIMULATION ANALYSIS 

The software simulations yielded comprehensive data on the thermal behavior of both wall sections. 
A comparison of the results highlighted the differences in the thermal conductivity, thermal resistance, 
and overall energy performance between the conventional and innovative wall sections. The findings 
highlight the potential benefits of advanced materials for enhancing building energy efficiency. 
 
Software Simulation Strategy 

The Opaque software simulation provides valuable insights into the thermal performance of building 
materials and structures. By accurately predicting the heat flow and thermal properties, these 
simulations enable architects, engineers, and designers to make informed decisions regarding material 
selection, building design, and energy efficiency measures. 
 

Advanced materials, such as phase change materials and aerogels, offer promising sustainable 

building solutions by improving thermal performance and reducing energy consumption. Further 

research and experimentation are required to validate these findings and optimize the design of energy-

efficient building envelopes. 

 

Table 2. Types, characteristics, and building components of PCMs [11]. 

S.N.  PCM types Advantages Building component 

1. Organics 

(paraffin 

wax, fatty 

acids, and 

vegetable 

oils) 

• Availability in a wide temperature range 

• High heat of fusion 

• No subcooling 

• No segregation 

• Stable after many cycles 

• Chemically and physically stable 

• Compatibility with a wide range of containers 

• Corrosive materials 

• Environmentally safe, non-reactive 

• Recyclable 

Organic PCM is used as 

Insulation in the roof.  

2. Inorganic 

(salt 

hydrates) 

• High thermal storage capacity 

• Good thermal conductivity 

• Low cost 

• Available easily 

• Sharp melting points 

• Low vapor pressure 

• Nonflammable 

Inorganic PCM is used as 

an insulation material in 

exterior glass in facade 

treatment. 

3. Eutectic • Sharp melting and boiling points 

• Higher volumetric storage density than the organic PCM 

Eutectic PCM can be used 

in false ceilings, interior 

walls, and embedded as 

ceiling material.  
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Wall Section A 

The first wall section was constructed using conventional building materials, including concrete 

blocks, insulation, and plaster. The software simulation modeled the heat flow through each layer of the 

wall section, considering factors such as material properties, thickness, and boundary conditions (Figure 

2). The results provided insights into the overall thermal performance of the wall under different 

temperature gradients (Tables 3 and 4). 

 
Wall Section B 

The second wall section incorporated innovative materials, such as PCMs or aerogels, which are 
known for their superior thermal properties (Figure 3). The software simulation analyzed how these 
advanced materials influenced heat transfer, thermal conductivity, and thermal resistance compared to 
conventional materials. Additionally, the simulations explored the impact of incorporating these 
materials on the energy savings and indoor comfort levels (Tables 5 and 6). 
 

Table 3. Wall section A properties. 

S.N. Wall section properties Values 

1. Orientation (degrees from south) 0.0 

2. Tilt (degree from horizontal) 90.0 

3. Surface absorptivity (%) 26.0 

4. Ground reflectance (%) 20.0 

5. Total thickness (mm) 210.0 

6. Total R-value  1.25 

7. Total U-value  0.802 

8. Decrement factor 0.54 

9. Time lag  -5.81 

 

Table 4. Component of material in wall section A with thickness and R-value. 

S.N.  Material Thickness (mm) R-value 

1. Inside air film (wall) 0.0 0.12 

2. Air space (wall) 20.0 0.15 

3. Plaster (dense) 10.0 0.02 

4. Expanded polystyrene (EPS) 30.0 0.75 

5. Brick 150.0 0.17 

6. Outside air film  0.0 0.04 

 

  
Figure 2. Wall section, an isotropic view. 
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Table 5. Wall section B properties. 

S.N. Wall section properties Values 

1. Orientation (Degrees from South) 0.0 

2. Tilt (Degree from Horizontal) 90.0 

3. Surface absorptivity (%) 26.0 

4. Ground Reflectance (%) 20.0 

5. Total thickness (mm) 210.0 

6. Total R-value  1.25 

7. Total U-value  0.802 

8. Decrement factor 0.54 

9. Time lag  -5.81 

 

Table 6. Component of material in wall section B with thickness and R-value. 

S.N. Material Thickness (mm) R-value 

1. Inside air film (wall) 0.0 0.12 

2. Air space (wall) 20.0 0.15 

3. Plaster (dense) 10.0 0.02 

4. Phase change material (PCM) 30.0 0.40 

5. Brick 150.0 0.17 

6. Outside air film  0.0 0.04 

 

 
Figure 3. Wall section B isotropic view. 

 

Comparative Analysis of Wall Section A and Wall Section B 

This report provides a comprehensive comparative analysis of sections A and B. The analysis 

encompassed a thorough examination of the structural components, materials, and design elements of 

each wall section. Key areas of focus include an evaluation of the load-bearing capacities, thermal 

performance, moisture resistance, and acoustic properties of both wall sections. Additionally, the 

comparative analysis investigates the constructability, cost-effectiveness, and sustainability aspects of 

wall sections A and B (Table 7). The findings of this report will provide valuable insights into decision-

making regarding the selection and implementation of the most suitable wall section for specific project 

requirements (Figure 4). 
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Table 7. Comparative analysis of the properties of wall section A and wall section B. 

S.N. Property Wall section A Wall section B 

1. Thickness 210 210 

2. R-value 1.25 0.80 

3. U-value 0.802 0.602 

4. Time lag -5.81 -3.81 

5. Decrement factor 0.54 0.34 

 

 
Figure 4. Comparative analysis graph of wall section A, and wall section B. 

 

DESIGN STRATEGY FOR ADAPTIVE ENERGY-EFFICIENT RESIDENTIAL BUILDING 

Key adaptive energy-efficient design strategies for residential buildings in Delhi [12] include: 

1. Minimizing Overheating and Reducing Air Conditioning 

a. Implementing window overhangs (latitude-specific) or operable sunshades/awnings. 

b. Designing the building to significantly reduce the need for air conditioning will always be 

necessary in this climate. 

c. Utilizing good natural ventilation with well-shaded windows oriented towards prevailing 

breezes. 

d. Promoting natural cross-ventilation through open-plan interiors, louvered doors, or jump 

ducts for privacy. 

2. Leveraging Traditional and Modern Passive Techniques 

a. Enclosed, well-shaded courtyards with small fountains are incorporated to create wind-

protected microclimates, as seen in traditional passive homes in hot, dry climates. 

b. Using a double-pane, high-performance (Low-E) glazing on the west, north, and east facades, 

while maintaining clear glazing on the south for optimal passive solar gain. 

 

CONCLUSION 

Phase change biomaterials offer an innovative approach for improving energy efficiency and thermal 

comfort in buildings. Their inherent properties enable architects, engineers, and researchers to design 

adaptive thermal envelopes that dynamically respond to environmental shifts. This can be 

complemented by solutions such as window overhangs (latitude optimized) or operable sunshades 

(summer awnings) to significantly reduce or eliminate the need for air conditioning. As the global 

demand for sustainable building solutions increases, phase change biomaterials are poised to play a 

central role in shaping the future of green architecture, ushering in a new era of energy-efficient, 

resilient, and occupant-centric buildings. 
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Enhancing Energy Efficiency with Phase Change Biomaterials 

1. The energy-guzzling construction industry: Buildings are responsible for a substantial portion of 

global energy consumption, and minimizing energy use in this sector is crucial for achieving 

environmental sustainability goals. 

2. Phase change materials (a game changer PCMs): PCMs are innovative materials with the ability 

to absorb and release thermal energy at specific temperatures; when integrated into building 

components, PCMs can significantly impact a building's thermal performance. 

3. PCMs for thermal comfort and reduced fluctuations during hot periods, preventing indoor 

temperatures from rising excessively. Conversely, during cooler periods, PCMs release stored 

heat and maintain a comfortable indoor environment, which reduces the need for constant heating 

or cooling adjustments, leading to improved thermal comfort. 

4. Energy consumption reduction through passive regulation: By passively regulating indoor 

temperatures, PCMs reduce the reliance on conventional HVAC systems, which translates to a 

significant decrease in building energy consumption and associated costs. 

5. Bio-based PCMs (sustainable stars): BioPCMs are a particularly attractive type of PCM due to 

their eco-friendly nature. They are derived from renewable resources like plant materials or 

organic waste, promoting sustainability in the construction industry. 

6. BioPCMs (non-toxic, recyclable champions): BioPCMs are generally non-toxic and pose 

minimal health risks, unlike some conventional building materials. Additionally, their 

recyclability allows for responsible end-of-life management, further reducing environmental 

impact. 

7. BioPCMs (boosting energy efficiency): Studies have shown that incorporating BioPCMs into 

building envelopes can lead to substantial energy savings. The thermal buffering effect of 

BioPCMs helps to maintain comfortable indoor temperatures with reduced HVAC dependence. 

8. BioPCMs (adapting to occupancy patterns): BioPCMs can be tailored to respond to specific 

human occupancy patterns within a building, ensuring the efficient use of stored thermal energy 

and optimizing energy savings throughout the day. 

9. Diverse applications for BioPCMs: BioPCMs have the potential to be integrated into various 

building elements beyond just walls, floors, roofs, and even concrete, and can be enhanced with 

BioPCMs for improved thermal performance. 

10. Strategic placement for optimal results: A common strategy involves embedding PCMs within 

the interior of the building envelope, where they can directly interact with indoor temperatures. 

11. Dynamic insulation (a powerful partner): Combining PCMs with dynamic insulation materials 

offers even greater energy-saving possibilities, and dynamic insulation allows adjustable thermal 

resistance based on prevailing indoor and outdoor conditions. 

12. Dynamic insulation (tailored thermal response): During hot weather, dynamic insulation can 

increase its resistance, preventing excessive heat gain indoors. Conversely, in colder weather, it 

can reduce resistance to allow for passive heat gain from the sun. 

13. PCM-dynamic insulation systems (the synergistic benefits): Integrating PCMs with dynamic 

insulation systems can lead to significant reductions in both annual heat gain and heat loss, which 

translates to a more energy-efficient building with a smaller carbon footprint. 

14. BioPCMs (a sustainable path to comfort and efficiency): BioPCMs offer a sustainable solution 

for achieving thermal comfort and reducing building energy consumption. They combine energy 

savings with eco-friendly materials, promoting a greener construction industry. 

15. Looking ahead (optimization and scalability): Further research is necessary to optimize the use 

of BioPCMs for various building types and climatic conditions. Developing scalable applications 

and cost-effective integration methods is crucial for widespread real-world adoption. 
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