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ABSTRACT:
Background: The manufacturing industry is poised for a transformative shift towards sustainability, driven by the
pressing need to mitigate environmental impacts and reduce waste generated from traditional composite materials.
This comprehensive review paper provides a pivotal roadmap for achieving this goal, presenting a systematic literature
review of sustainable composite materials and waste reduction strategies.
Purpose: Evaluating the effectiveness of various strategies, the paper highlights significant benefits, including reduced
waste, improved resource efficiency, and minimized environmental footprint.
Methods: The analysis encompasses key sustainable materials, including biodegradable and recyclable options, as
well as effective waste reduction tactics such as design for recyclability, material selection, and end-of-life management.
The effective applications of sustainable composite materials across various industries demonstrate their viability and
potential for widespread adoption.
Results: Despite the fact limitations and challenges are also discussed, the findings offer invaluable insights for
manufacturers, policymakers, and researchers seeking to pioneer sustainable manufacturing practices.
Conclusions: The paper identifies future research directions, including the development of novel sustainable materials,
optimization of production processes, and implementation of circular economy principles, ultimately paving the way
for a more environmentally conscious and responsible manufacturing sector. This research serves as a critical stepping
stone towards a waste-minimized, sustainable future for the manufacturing industry.

Keywords: Sustainable composite materials, Additive Manufacturing, EoL, RTM, Waste reduction strategy, Cost
savings

1. Introduction

The manufacturing industry is a significant contributor
to global economic growth, but it also poses substantial
environmental challenges. One of the most pressing is-
sues is the generation of waste from traditional compos-
ite materials used in various manufacturing processes.
Composite materials, which combine two or more ma-
terials to achieve enhanced properties, have become
increasingly popular due to their lightweight, high-
strength, and corrosion-resistant characteristics [1, 2].
Yet, their production, use, and disposal have severe en-
vironmental implications, including resource depletion,

energy consumption, and waste generation. The grow-
ing concern about climate change, resource scarcity,
and waste management has led to a paradigm shift
towards sustainable manufacturing practices. Sustain-
able composite materials have emerged as a promising
solution to mitigate the environmental impacts associ-
ated with traditional composites [3]. These materials
are designed to reduce waste, minimize environmental
harm, and promote recyclability and reuse [4]. This
endeavour aims to provide a comprehensive overview
of sustainable composite materials and waste reduction
strategies in manufacturing. The work will explore the
current state of knowledge on sustainable composite
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materials, including biodegradable and recyclable op-
tions, and examine various waste reduction strategies,
such as design for recyclability, material selection, and
end-of-life management. The work will also discuss
the benefits, limitations, and future research directions
of these strategies, providing valuable insights for man-
ufacturers, policymakers, and researchers seeking to
minimize waste and promote sustainable manufactur-
ing practices.

1.1. Importance of sustainable manufacturing

Traditional composite materials have profound envi-
ronmental implications throughout their lifecycle. The
extraction of raw materials depletes non-renewable
resources, consumes energy, and emits greenhouse
gases. During manufacturing, energy-intensive pro-
cesses release volatile organic compounds (VOCs) and
hazardous air pollutants (HAPs), generating waste ma-
terials and by-products. In the use phase, composite
materials contribute to microplastic pollution, poten-
tially leach chemicals into water and soil, and have
durability issues leading to frequent replacements. At
the end-of-life, non-biodegradable materials accumu-
late in landfills, pose difficulties in recycling and reuse,
and release toxic chemicals through incineration or
landfilling [10, 11, 12]. Specifically, carbon fiber re-
inforced polymers (CFRP) and glass fiber reinforced
polymers (GFRP) have significant environmental con-
cerns, including energy consumption, waste genera-
tion, and carbon emissions [13]. The production and
transportation of these materials contribute to climate
change, resource depletion, water pollution, and soil
contamination. In addition, exposure to VOCs and
HAPs during manufacturing and use poses health risks,
while microplastic pollution and chemical leaching
threaten human well-being. The aspect to mitigate
these environmental impacts, the development and
adoption of sustainable composite materials and waste
reduction strategies are crucial. By transitioning to
eco-friendly alternatives and implementing responsible
manufacturing practices, industries can minimize harm
and promote a more sustainable future.

1.2. Waste reduction strategies using sustainable
composite materials

The development of sustainable composite materials
and waste reduction strategies has become crucial
in mitigating the environmental impacts associated
with traditional composite materials. Design-based
strategies, such as design for recyclability, design for
disassembly, and material optimization, enable the
minimization of waste generation [14]. Additionally,
material-based strategies like biodegradable compos-
ites, recyclable composites, and natural fiber compos-
ites offer eco-friendly alternatives. Manufacturing-
based strategies, including additive manufacturing,
resin transfer molding, and closed-loop manufacturing,
also reduce waste generation. End-of-life strategies,
such as recycling, upcycling, and energy recovery, fur-
ther minimize waste accumulation [15]. The adoption
of these strategies yields numerous benefits, including
reduced waste generation, conservation of resources,
decreased environmental impact, and cost savings.
Apart from it, challenges persist, including higher
production costs, limited availability of sustainable
materials, and technical difficulties in recycling and
reuse.

1.3. Manufacturing industry focus

The manufacturing industry’s focus on sustainable
composite fabrication and waste reduction revolves
around several key principles and strategies. Cen-
tral to these efforts is the circular economy model,
which aims to reduce waste by keeping materials in
closed loops—reusing, refurbishing, and recycling re-
sources instead of following the traditional "take-make-
dispose" approach. In composite fabrication, biocom-
posites and bio-based resins are increasingly popular,
utilizing renewable natural resources like plant fibers as
eco-friendly alternatives to traditional petroleum-based
materials [10, 11, 12, 13]. Natural fiber composites
(NFCs), for example, incorporate renewable fibers like
hemp or flax, reducing reliance on fossil fuels and of-
ten lowering overall carbon emissions. Manufacturers
are also emphasizing end-of-life (EoL) management
and closed-loop recycling, designing products with
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Figure 1: Sustainability, Circularity, Zero waste

their eventual disposal and recycling in mind. Rein-
forcement fiber recovery processes, for instance, allow
fibers like glass or carbon to be reclaimed from used
composites, reducing the need for virgin materials.
The concept of waste valorization takes this further,
converting manufacturing waste into useful products or
energy, minimizing landfill contributions, and creating
additional value. To enhance sustainability throughout
the product lifecycle, manufacturers employ life cycle
assessment (LCA) to evaluate environmental impacts
from material sourcing through disposal. Additive
manufacturing (3D printing) is another sustainable
practice, as it builds parts layer by layer only where
material is needed, minimizing waste from subtractive
processes [2, 8]. Coupled with eco-design principles,
products are crafted with consideration for their entire
lifecycle, making them easier to recycle or dispose
of responsibly. The focus on light weighting also
plays a role in sustainability, especially in sectors like
automotive and aerospace, where reducing material
weight can lead to more energy-efficient transportation.
Finally, sustainable supply chain management ensures
that every stage of production, from sourcing to man-
ufacturing, adheres to eco-friendly practices [16, 17].
Through these efforts, the manufacturing industry is
driving a more sustainable future, balancing efficiency
with environmental responsibility.

2. Methodology
2.1. Mechanical Properties
2.1.1. Stress-Strain Relationship

𝜎 = 𝐸 × 𝜀 (1)

where 𝜎 = stress, 𝐸 = modulus of elasticity, 𝜀 = strain.

2.1.2. Fiber-Matrix Composite Strength
𝜎𝑐 = 𝑉 𝑓 × 𝜎 𝑓 +𝑉𝑚 × 𝜎𝑚 (2)

where 𝜎𝑐 = composite strength, 𝑉 𝑓 = fiber volume
fraction, 𝜎 𝑓 = fiber strength, 𝑉𝑚 = matrix volume
fraction, 𝜎𝑚 = matrix strength.

2.1.3. Composite Modulus
𝐸𝑐 = 𝑉 𝑓 × 𝐸 𝑓 +𝑉𝑚 × 𝐸𝑚 (3)

where 𝐸𝑐 = composite modulus, 𝐸 𝑓 = fiber modulus,
𝐸𝑚 = matrix modulus.

2.2. Environmental Impact
2.2.1. Carbon Footprint Reduction

𝐶𝐹𝑅 =
𝑀𝐶𝐹 × 𝐸𝑅

𝑀𝑃 × 𝐸𝑃
(4)

where 𝐶𝐹𝑅 = carbon footprint reduction, 𝑀𝐶𝐹 =
material carbon footprint, 𝐸𝑅 = energy recovery, 𝑀𝑃

= material production, 𝐸𝑃 = energy production.

2.2.2. Energy Savings

𝐸𝑆 =
𝐸𝑖 × 𝐸𝑅

𝐸𝑜 × 𝐸𝑃

(5)

where 𝐸𝑆 = energy savings, 𝐸𝑖 = input energy, 𝐸𝑅

= energy recovery, 𝐸𝑜 = output energy, 𝐸𝑃 = energy
production.

2.3. Manufacturing Processes
2.3.1. 3D Printing

𝑀 =
𝜌 ×𝑉

𝑡 × 𝐸
(6)

where 𝑀 = material usage, 𝜌 = material density, 𝑉
= printed volume, 𝑡 = printing time, 𝐸 = energy con-
sumption.

2.3.2. Resin Transfer Molding (RTM)
[11]

𝑃 =
𝑉 × Δ𝑃

𝑡 × 𝜂
(7)

where 𝑃 = pressure, 𝑉 = mold volume, Δ𝑃 = pressure
difference, 𝑡 = molding time, 𝜂 = efficiency.

2.4. Economic Benefits
2.4.1. Cost Savings

𝐶𝑆 =
𝑀 × Δ𝐶

𝑉 × 𝑃
(8)

where 𝐶𝑆 = cost savings, 𝑀 = material usage, Δ𝐶 =
cost difference,𝑉 = production volume, 𝑃 = production
cost.
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2.4.2. Return on Investment (ROI)
𝑅𝑂𝐼 =

𝑁𝑃𝑉 × 𝑟

𝐼 × 𝑡
(9)

where 𝑅𝑂𝐼 = return on investment, 𝑁𝑃𝑉 = net present
value, 𝑟 = interest rate, 𝐼 = investment, 𝑡 = time period.

3. Overview an Discussion of Sustainable Com-
posite Materials

Sustainable composite materials have garnered signifi-
cant attention in recent years due to growing environ-
mental concerns. Biodegradable composites, made
from biopolymers such as polylactic acid (PLA) and
polyhydroxyalkanoates (PHA), offer a promising so-
lution. Natural fiber-reinforced biodegradable com-
posites, incorporating materials like hemp and flax,
have also shown potential. Additionally, biodegrad-
able hybrid composites combining biopolymers with
natural fibers have been explored. Recyclable compos-
ites, including thermoplastic composites made from
polypropylene and polyethylene, provide another eco-
friendly option [5]. Recyclable carbon fiber-reinforced
composites and advanced recycling technologies for
composite materials have also been developed. Plant-
based composites, utilizing cellulose, lignin, and other
plant-derived materials, offer a renewable alterna-
tive [18]. Additional innovations include self-healing
composites, shape-memory composites, and nanocom-
posites incorporating sustainable materials. Despite
progress, challenges persist, such as enhancing mechan-
ical properties and durability, scaling up production,
and establishing standardization and certification pro-
tocols [6]. Addressing these challenges will be crucial
for widespread adoption of sustainable composite ma-
terials. The crucial observations have contributed
to the advancement of sustainable composite materi-
als. These developments underscore the importance of
continued research and development in this field to mit-
igate environmental impacts and promote sustainable
practices.

3.1. Benefits and Limitations of Sustainable Com-
posite Materials

Sustainable composite materials offer numerous bene-
fits, including reduced environmental impact, improved

recyclability, and enhanced durability. These materials,
derived from natural fibers, biopolymers, and recycled
plastics, minimize reliance on non-renewable resources
and decrease greenhouse gas emissions [6, 8]. Sus-
tainable composites also exhibit superior mechanical
properties, such as strength, stiffness, and resistance
to corrosion and fatigue. Additionally, they provide
opportunities for waste reduction, energy efficiency,
and closed-loop production. In addition, sustainable
composite materials also have limitations. High pro-
duction costs, limited availability of raw materials, and
variability in mechanical properties hinder widespread
adoption. Still, processing, manufacturing complex-
ities, lack of standardization, and limited recycling
infrastructure pose significant challenges. Moreover,
biodegradable composites may experience reduced
shelf life and compromised performance in certain
environments.

4. Conclusion

Sustainable composite materials offer numerous envi-
ronmental and economic benefits;

i) Minimize environmental impact through re-
duced reliance on non-renewable resources

ii) Enhance mechanical properties, such as strength
and stiffness

iii) Support waste reduction and energy efficiency

iv) Provide opportunities for closed-loop production

Inferences for manufacturing industry Manufactur-
ers must adapt and innovate to remain competitive,
reduce environmental impact, and capitalize on emerg-
ing opportunities. The manufacturing industry will
continue to evolve towards sustainability, driven by:

i) Regulatory pressures.

ii) Consumer demand.

iii) Technological advancements.

iv) Economic benefits.

v) Global competition
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Table 1: Waste Reduction Strategies
Category Strategies Benefits

Design-Based
1 Design for recyclability/reusability Enhance recyclability
2 Minimize material usage Reduce waste, conserve resources
3 Standardize components Simplify production, reduce waste
4 Modular design Facilitate disassembly, reuse

Material-Based
1 Use recyclable materials Conserve resources, reduce landfill
2 Biodegradable materials Reduce environmental impact
3 Sustainable sourcing Promote eco-friendly supply chain
4 Material reuse/recycling Reduce waste, conserve resources

Manufacturing-Based
1 Additive manufacturing (3D printing) Minimize waste, optimize production
2 Resin transfer molding (RTM) Reduce waste, improve efficiency
3 Closed-mold processes Minimize waste, improve quality
4 Lean manufacturing Eliminate waste, optimize production

Operational
1 Waste audits/assessments Identify waste reduction opportunities
2 Waste reduction training Educate employees on waste reduction
3 Inventory management Minimize excess materials
4 Supply chain optimization Reduce transportation waste

End-of-Life
1 Take-back/recycling programs Encourage product recycling
2 Design for disassembly Facilitate recycling, reuse
3 Energy recovery (pyrolysis/incineration) Generate energy from waste
4 Landfill diversion Reduce landfill waste

Circular Economy
1 Product-as-a-service models Promote sharing, reuse
2 Closed-loop production Design for recyclability, reuse
3 Collaborative consumption Encourage sharing, reduce ownership
4 Sharing economy Promote resource sharing

Additional
1 Reduce packaging Minimize waste, conserve resources
2 Implement recycling programs Encourage recycling, reduce landfill
3 Composting Convert organic waste to nutrient-rich soil
4 Donate/repurpose excess materials Reduce waste, support community
5 Waste-to-energy conversion Generate energy from waste
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Table 2: Waste Reduction Strategies
Strategy Benefits Challenges Cost Savings Environmental

Impact
Design for Enhance recyclability, Higher design costs Medium High

Recyclability reduce waste
Material Conserve Logistics High High
Reuse/ resources, challenges

Recycling reduce
Additive Minimize waste, High equipment Medium Medium

Manufacturing optimize production costs
Lean Eliminate waste, Cultural changes High Medium

Manufacturing optimize production required
Waste-to-Energy Generate energy High initial Medium High

Conversion from waste costs, emissions concerns
Closed-Loop Design for Higher Medium High
Production recyclability, reuse production costs

Supply Chain Reduce Complex High Medium
Optimization transportation waste implementation

Recycling Encourage recycling, Public education Medium High
Programs reduce landfill required

Composting Convert organic waste Odor concerns, Low High
to nutrient-rich soil logistics

Product as a Promote sharing, Business model High High
Service reuse changes

Future research directions Despite these limitations,
ongoing research and development aim to overcome
these challenges, improve performance, and reduce
costs. Emerging technologies, such as nanotechnology
and 3D printing, are enhancing sustainable composite
materials’ potential. As demand grows, economies
of scale will improve, making sustainable composites
increasingly viable alternatives to traditional materials.
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