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Abstract

The building sector is a significant contributor to global energy consumption, driving the need for
innovative and sustainable energy efficiency solutions. This study investigates the potential of
integrating bio-composite phase change materials into building envelopes to improve thermal
performance and reduce energy demand. A novel bio-composite phase change material was developed,
and its thermal properties, including latent heat capacity and melting temperature, were characterized
through laboratory testing. The material was then incorporated into a virtual building model using
energy simulation software to evaluate its impact on thermal loads and overall energy consumption.
The results demonstrate that the bio-composite phase change material effectively reduces peak heat
flux and provides a significant thermal lag, leading to an estimated 15%—20% reduction in annual
heating and cooling energy use compared to a conventional envelope. A preliminary life cycle
assessment also indicates that the bio-composite offers a more environmentally friendly alternative to
synthetic phase change materials. This research highlights the viability of using renewable, bio-based
materials as a passive thermal management strategy, paving the way for the development of more
sustainable and energy-efficient buildings.

Keywords: Bio-based insulation, building envelope, energy efficiency, sustainable construction,
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INTRODUCTION

Global energy consumption and greenhouse gas emissions are significantly impacted by the building
sector. As the demand for comfortable and healthy living spaces continues to rise, too does the
imperative to develop sustainable and energy-efficient solutions. The building envelope acts as the
boundary between a structure’s interior and exterior, significantly impacting energy transfer and indoor
comfort. In this context, the exploration of bio-based insulation materials for residential buildings
presents a promising avenue towards achieving both sustainability and energy efficiency goals.

Bio-based insulation, sourced from renewable
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the diverse range of available materials, their thermal and hygrothermal properties, and their
performance in various building applications. This study will also investigate the environmental impact
of bio-based insulation across its entire lifecycle, encompassing sourcing, manufacturing, and disposal
[2]. By analyzing the benefits and challenges associated with bio-based insulation, this research aims
to contribute to the growing body of knowledge on sustainable building practices and promote the
adoption of eco-friendly solutions in the residential building sector.

AIM OF THE RESEARCH

The primary aim of this study is to investigate the potential of using bio-composite materials as Phase
Change Materials (PCMs) within building envelopes to enhance energy efficiency, reduce thermal
loads, and sustainably improve indoor thermal comfort.

OBJECTIVES OF THE RESEARCH

The following objectives will be pursued to achieve the study’s aim:

e To conduct a comprehensive literature review on existing PCMs, their application in building
envelopes, and the properties of various bio-composite materials.

e To design and develop a novel bio-composite material for use as a PCM, optimizing its thermal
properties such as latent heat storage capacity, melting temperature, and thermal conductivity.

e To fabricate and characterize test samples of the developed bio-composite PCM to evaluate its
thermal, mechanical, and fire-retardant properties in a controlled laboratory environment.

SCOPE OF THE RESEARCH

This research is focused on the application of bio-composite material as a passive thermal
management solution within the building envelope. The study will specifically concentrate on the
development and characterization of bio-composite PCM, including its physical and thermal properties.
The experimental and simulation work will be limited to a representative wall section of a building
under specific climatic conditions. The study will not extend to the full-scale construction and long-
term in-situ monitoring of a building, nor will it delve into the detailed chemical synthesis process of
the bio-composite components beyond what is necessary for material property optimization. The
economic analysis will be a theoretical model based on current material costs and energy savings, and
it will not account for market fluctuations or government subsidies.

PCM

PCM is a substance that absorbs and releases a large amount of energy during a change of phase such
as melting or freezing. These materials are integrated into a building’s envelope (like walls or a roof)
to act as a passive thermal management solution. As the temperature rises, the PCM melts and absorbs
heat, preventing it from entering the building. As the temperature drops, the PCM solidifies and releases
the stored heat, which can help keep the indoor temperature stable. This process of absorbing and
releasing thermal energy helps to reduce the need for active heating and cooling systems, thereby
improving a building’s energy efficiency.

TYPES OF PCM
The list of PCM types is as follows.

Organic PCMs

e Paraffins: Derived from petroleum, these are widely available but have low thermal conductivity
and flammability concerns.

e Fatty Acids: Sourced from plants or animals, these offer higher latent heat and are generally non-
toxic with lower flammability.

e FEsters: Formed by reacting an alcohol with acid, these offer a wide range of melting points and
good thermal stability.

e Sugar Alcohols: Derived from sugars, these have high latent heat capacity and good
biocompatibility and are often used in food and medical applications.
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e  Bio-Based PCMs (BioPCMs): Derived from renewable sources like plant oils and fatty acids, these
offer a sustainable alternative to petroleum-based PCMs with similar thermal properties and
reduced environmental impact [3].

Inorganic PCMs

e Salt Hydrates: Salts contain water molecules, offering high latent heat but with potential for
corrosion and supercooling.

o Metallic Alloys: Mixtures of metals with high thermal conductivity and good cycling stability, but
they can be expensive.

Eutectic PCMs
e  When two or more components are combined, they can form mixtures that melt and freeze at a
single temperature, allowing for customized thermal properties.

Solid—Solid PCMs
e These undergo a phase transition between solid states, absorbing or releasing heat without volume
change.

Key considerations when choosing a PCM:

Melting Temperature: Match this to the desired temperature control range.

Latent Heat Capacity: Determines the amount of energy stored [4].

Thermal Conductivity.: Influences the rate of heat transfer.

Chemical Stability: Ensure stability over many cycles.

Cost and Availability: Factor in economic and accessibility aspects.

Environmental Impact: Consider PCM’s source, manufacturing process, and end-of-life options.

By understanding these types and their properties, you can select the most suitable PCM for your
specific building envelope application, with BioPCM offering a compelling sustainable option.

Bio-PCM

BioPCM, short for bio-based PCM [5], represents a cutting-edge innovation in thermal energy
management. Unlike conventional PCMs derived from petroleum, BioPCM is sourced from renewable
resources like plant-based oils and fatty acids. BioPCM, derived from sustainable sources, significantly
lowers its environmental impact, meeting the rising need for eco-conscious building materials. It
operates by absorbing and releasing substantial heat during its phase change between solid and liquid.
This unique characteristic allows it to effectively regulate temperature fluctuations, reducing energy
consumption associated with heating and cooling.

In the context of building envelopes, BioPCM can be integrated into various building components
such as walls, roofs, and floors. By incorporating BioPCM into these elements, buildings can passively
store and release thermal energy, thereby moderating indoor temperatures and reducing reliance on
mechanical HVAC systems. This results in decreased energy usage, fewer greenhouse gas emissions,
and enhanced occupant comfort.

Moreover, BioPCM’s ability to absorb and release heat over a specific temperature range makes it
particularly well-suited for applications requiring precise temperature control such as thermal energy
storage, passive cooling, and thermal comfort in buildings. As research and development in this field
continue to advance, BioPCM is poised to play an increasingly important role in creating sustainable
and energy-efficient built environments, as shown in Figure 1 [6].

Adaptive Building Envelopes
Adaptive building envelopes are dynamic systems designed to respond to changing environmental
conditions, optimizing building performance and occupant comfort. Here are 5 key points about them:
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e  Responsiveness to External Stimuli: Adaptive envelopes react to changes in sunlight,
temperature, wind, and humidity [7]. This dynamic behavior allows them to modify their
properties (e.g., solar heat gain, ventilation rates, insulation levels) to maintain optimal indoor
conditions.

o FEnergy Efficiency: By dynamically adjusting to external conditions, adaptive envelopes
minimize energy consumption associated with heating, cooling, and lighting. This contributes to
lower operating costs and reduced environmental impact.

o Improved Occupant Comfort: Adaptive envelopes create a more comfortable indoor environment
by regulating temperature, daylighting, and air quality. This can enhance occupant well-being
and productivity.

o [ntegration of Technology: Adaptive envelopes often incorporate advanced technologies, such as
sensors, actuators, and control systems, to monitor environmental conditions and trigger
appropriate responses. This may involve automated shading devices, operable windows, or
dynamic insulation materials.

o  Enhanced Building Performance: Beyond energy efficiency and comfort, adaptive envelopes can
contribute to improved building durability, reduced maintenance needs, and increased resilience
to climate change.

Sustainable

7N
; Bio-based PCMs
g

Sustainable alternative, reduced
environmental impact

Sugar Alcohols

High latent heat, good biocompatibility

Esters

6 Fatty Acids
High latent heat, generally non-toxic

Wide melting points, good thermal stability

Paraffins

Widely available, low thermal conductivity

Unsustainable
Figure 1. Types of PCM according to environmental impact and sustainability.
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Examples of Adaptive Envelope Components

o Dynamic Shading Devices: These adjust their position based on sun angle to control solar gain.
o Thermochromic Windows: [8] These change their tint in response to temperature, regulating solar

heat gain.

e Responsive Ventilation Systems: Airflow is regulated by these systems, which adapt based on

occupancy levels and air quality.
e PCMs: They regulate temperature fluctuations by absorbing and releasing heat.

Adaptive building envelopes represent a significant advancement in sustainable building design,
offering a pathway to create high-performance buildings that are responsive, efficient, and comfortable

(Table 1).

Table 1. Properties of different types of PCM.

candles

S.N. Property Bio-Based PCM (BioPCM) Paraffin Wax | Salt Hydrates | Metallic Alloys
1 Source Renewable (plant oils, fatty acids)|Petroleum- Inorganic salts Metals
based
2 Melting 0-60 (highly variable depending|20-60 0-120 >100
temperature range|on source)
(°O
3 Latent heat 0f|80-200 140-280 150-300 Lower than
fusion (kJ/kg) others
4 Thermal 0.15-0.25 0.2-0.3 0.5-0.8 High (varies
conductivity greatly)
(W/mK)
5 Flammability Low to moderate Moderate to|Non-flammable |Non-flammable
high
Chemical stability |Good, with proper encapsulation |[Good Can be corrosive |Excellent
Environmental Low (biodegradable, renewable) |Moderate (fossilModerate Moderate
impact fuel-based) (potential for|(mining and
water pollution) |processing
impacts)
8 Cost Potentially higher than paraffin,|Relatively low |Low High
but decreasing
9 Supercooling It can occur, but is less prone than|Minimal Significant issue |Minimal
salt hydrates
10 |Applications Building envelopes, thermal|Thermal storage,| Thermal storage,|High-temperature
storage, textiles packaging, and|solar heating applications

Source: Author.

The Following Points Are Inferences Taken from Table 1

e  BioPCM Stands Out for Its Sustainability: It is derived from renewable sources and is often
biodegradable [9].
Paraffin wax is common and affordable, but it has flammability concerns and relies on fossil fuels.

Salt hydrates offer high latent heat, but they can be corrosive and prone to supercooling.

Metallic alloys have excellent thermal conductivity, but they are expensive and often used in

specialized high-temperature applications.

SUSTAINABLE AND ADAPTIVE BUILDING ENVELOPES
WITH BIO-BASED INSULATION

BioPCM, as a sustainable alternative to conventional PCMs, offers a range of compelling advantages

when integrated into building envelopes:

Enhanced Energy Efficiency

e Passive Temperature Regulation: BioPCM absorbs and releases heat during phase transitions,
effectively buffering indoor temperature swings and reducing the need for active heating and

cooling. This leads to significant energy savings and lower utility bills.
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o Peak Load Shifting: BioPCM can store excess heat during peak hours and release it during off-peak
periods, helping to balance energy demand and reduce strain on the power grid.

o Improved Thermal Comfort: By maintaining a more stable indoor temperature, BioPCM enhances
occupant comfort and reduces reliance on mechanical HVAC systems.

Environmental Benefits

e Renewable and Biodegradable: BioPCM is derived from renewable resources, like plant oils,
making it a more sustainable choice compared to petroleum-based PCMs. Its biodegradability
further minimizes environmental impact at the end of its life cycle.

e Reduced Carbon Footprint: BioPCM generally has a lower carbon footprint compared to
conventional PCMs, contributing to reduced greenhouse gas emissions and mitigating climate
change [10].

Safety and Compatibility

e Non-Toxic and Safe: BioPCM is typically non-toxic and safe for human health, making it suitable
for indoor applications.

o Compatibility with Building Materials: BioPCM can be incorporated into various building
materials, like gypsum board, concrete, and insulation, allowing flexible integration into different
building designs.

Other Advantages

o Durability and Longevity: BioPCM can undergo numerous phase change cycles without significant
degradation, ensuring long-term performance and cost-effectiveness.

o Lightweight: BioPCM is often lightweight, minimizing added structural load on the building
envelope.

By leveraging the unique thermal properties of BioPCM, building designers can create more energy-

efficient, sustainable, and comfortable living spaces.

o Reduced Envirommental Impact: Bio-based insulation offers a significant advantage over
conventional materials by decreasing reliance on fossil fuels and minimizing embodied energy
and carbon footprint [11].

o  FEnhanced Energy Efficiency: Bio-based insulation offers superior thermal performance, leading
to reduced energy consumption for heating and cooling. This translates to lower operational costs
and decreased greenhouse gas emissions.

e [mproved Indoor Comfort: Bio-based insulation contributes to better indoor environmental
quality by regulating temperature, humidity, and acoustics, enhancing occupant health and well-
being.

o  Renewable and Sustainable Resource: Promoting a circular economy and reducing the strain on
finite resources, the utilization of bio-based materials contributes to long-term sustainability.

o Adaptive Envelope Synergy: Integrating bio-based insulation with adaptive building envelopes
creates a dynamic system that responds to changing environmental conditions, maximizing
energy efficiency and occupant comfort [12].

e Technological Integration: Adaptive envelopes utilize sensors, actuators, and control systems to
optimize performance, thereby enhancing the advantages of bio-based insulation.

e FEconomic Potential: Bio-based insulation, despite potentially higher initial expenses, delivers
long-term cost benefits by decreasing energy usage and possibly requiring less maintenance.

o Healthier Indoor Environment: Improved indoor air quality and reduced health risks for
occupants are often benefits of bio-based insulation due to its lower VOC emissions.

e Regional Economic Benefits: Sourcing bio-based materials locally can stimulate regional
economies and reduce transportation-related environmental impacts.

e  Qutlook: Continued research and development are crucial to address challenges, like cost-
competitiveness, durability, and standardization, paving the way for wider adoption of these
sustainable building solutions [13].
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However, the widespread adoption of bio-based insulation and adaptive envelopes necessitates
addressing certain challenges. These include ensuring cost competitiveness, enhancing material
durability and fire resistance, and developing standardized assessment methods for performance
evaluation [14]. Ultimately, the transition towards sustainable and adaptive building envelopes
represents a crucial step in mitigating the environmental impact of the building sector. By embracing
bio-based insulation and intelligent design strategies, we can create healthier, more comfortable, and
energy-efficient homes that contribute to a more sustainable future, as shown in Figure 2 [15].

Eco-Friendly Building Envelopes

Use renewable, eco- Improve insulatian, Create sustainable
friendly resources reduce energy waste indoor air quality

Sustainable
Built
Environment

Promote
Healthier
Environment

Enhance
Thermal
Performance

High Energy
Consumption

Integrate Bio-
Materials

______________ .D.______________.D.____
Buildings rely Buildings
on fossil fuels minimize
environmental
impact

Figure 2. Eco-friendly building envelopes with step for improving thermal comfort.

CONCLUSION

This exploration into sustainable and adaptive building envelopes, with a focus on bio-based
insulation for energy efficiency in residential buildings, reveals a promising pathway towards creating
more environmentally responsible and high-performing homes. Bio-based insulation materials, derived
from renewable resources, offer a compelling alternative to conventional insulation, boasting lower
embodied energy, reduced carbon footprints, and often, superior hygrothermal performance. By
effectively mitigating heat transfer, regulating moisture, and contributing to a circular economy, these
materials enhance the overall energy efficiency and sustainability of residential buildings.

The integration of bio-based insulation within adaptive building envelopes further amplifies these
benefits. Adaptive envelopes, with their dynamic response to external stimuli, optimize building
performance by regulating solar heat gain, ventilation rates, and insulation levels in real time. This smart
responsiveness both reduces energy use and improves occupant comfort by keeping ideal indoor
conditions.
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