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Sustainable Composites Manufacturing: Driving Innovation for a Circular,
Low-Carbon Future

Summary

The composites industry is entering a pivotal phase where sustainability is no longer optional—it is an
imperative driven by regulatory pressure, corporate responsibility, and market demand. Composite
materials, while offering high performance, light weighting, and durability, have historically faced criticism
for their reliance on energy-intensive processes, petroleum-based resins, and end-of-life challenges. This
whitepaper explores pathways toward sustainable composites manufacturing, highlighting innovations in
raw materials, production processes, recycling technologies, and supply chain strategies that can enable
a circular, low-carbon future.

1. Introduction

Sustainability is a broad term and can be defined in many ways. The ISO definition of sustainability is ‘the
state of the global system, which includes environmental, social and economic subsystems, in which the
needs of the present are met without compromising the ability of future generations to meet their own
needs’. When applied to composites this means reducing their impact across all categories without
limiting their ability to deliver current needs, especially where they can be enablers for sustainable
technologies.

Composite materials—combinations of fibers (glass, carbon, natural) with polymer matrices—are integral
to industries such as aerospace, automotive, wind energy, marine, and construction. Their performance
advantages are clear: reduced weight, enhanced mechanical properties, and extended durability.
However, the environmental footprint of composites manufacturing has raised concerns, particularly:

e High embodied energy in carbon fiber production.
e Dependence on virgin, fossil-derived resins.
e Limited recyclability and lack of scalable end-of-life solutions.

Sustainability is measured using indicators and frameworks across environmental, social, and economic
domains, involving metrics like carbon footprint, water usage, and waste, as well as social factors like
labor practices and community impact. Common methods include the Triple Bottom Line (TBL), Life Cycle
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Assessments (LCAs), and standards like the Global Reporting Initiative (GRI), which provide structured
ways to collect data and report on performance over time.

Sustainable fiber reinforced polymer (FRP) composites from renewable and biodegradable fibrous
materials and polymer matrices are of great interest, as they can potentially reduce environmental
impacts. However, the overall properties of such composites are still far from the high-performance
conventional glass or carbon FRP composites. Therefore, a balance between composite performance and
biodegradability is required with approaches to what one might call an eco-friendly composite.

2. Drivers of Sustainability in Composites

Key drivers of sustainability in Canada’s composites sector include government-backed decarbonization
efforts, the adoption of bio-based and recycled materials, the development of sustainable manufacturing
processes, and a focus on end-of-life management including recyclability and biodegradability. The
demand for lightweight, lower-carbon materials in sectors such as transportation also pushes
sustainability, supported by a strong national innovation ecosystem and increased consumer and industry
awareness (Natural Resources Canada 2022; Innovation, Science and Economic Development Canada
2021).

2.1 Regulatory & Government Influence

Canada’s government-backed decarbonization efforts include national climate plans, such as the 2030
Emissions Reduction Plan and the Net-Zero Emissions Accountability Act, which set legally binding
emissions targets and promote investments in clean technologies (Government of Canada 2022;
Parliament of Canada 2021). Specific initiatives, such as the Strategic Innovation Fund — Net Zero
Accelerator and the Canada Growth Fund, support industrial decarbonization and clean technology
projects (ISED 2023). Provincial measures also contribute; for example, British Columbia’s revenue-neutral
carbon tax continues to serve as a core policy instrument for economy-wide emission reductions
(Government of British Columbia 2023). Federal policy direction additionally prioritizes transformation of
the electricity grid, reduction of oil and gas emissions, and the phase-out of coal-fired power generation
(Environment and Climate Change Canada 2021).

2.2 Market Forces

Sustainability trends are driving demand for lightweight “green” materials across transportation,
construction, aerospace, and clean-energy sectors. Market growth is influenced by consumer preference,
evolving regulatory expectations, and corporate commitments to net-zero emissions (McKinsey &
Company 2020; Deloitte 2023). For example, the transportation industry’s shift to low-carbon and electric
propulsion systems increases requirements for vehicle light weighting to offset battery mass and improve
efficiency (International Energy Agency 2022). Weight reduction directly affects energy consumption,



manufacturing costs, and range performance, making advanced composites a critical enabler for next-
generation vehicle design (SAE International 2021).

2.3 Economic Incentives

Sustainability trends in Canada’s composites industry are also shaped by economic incentives supporting
a transition toward a circular economy. Key drivers include federal programs such as Canada’s Circular
Plastics Initiative under the Canadian Plastics Pact and the Advancing a Circular Plastics Economy strategy,
which aim to improve recycling, reduce waste, and increase the use of bio-based or recyclable materials
(Environment and Climate Change Canada 2023; Canada Plastics Pact 2021). Growing public
environmental awareness and industry recognition of the economic value of waste reduction, material
recirculation, and new recycling technologies further reinforce this transition (OECD 2022). Circularity-
driven innovation creates opportunities for job growth, reduced material costs, and lower environmental
impacts while enabling the development of next-generation sustainable composite materials (Ellen
MacArthur Foundation 2021).

3. Strategies for Improving Sustainability in the Composite Industry
3.1 Sustainable Materials Innovation

Bio-Based and Sustainable Resins

Conventional thermoset resin synthesis often requires prolonged reaction times, high temperatures, and
large energy inputs, which contradicts global efforts to reduce greenhouse gas emissions and dependence
on fossil-based raw materials applications (Mohanty et al., 2022). The urgency to develop sustainable,
energy-efficient, and environmentally responsible polymeric materials has led to significant research
interest in resins derived from renewable resources, replacing permanent networks of conventional resins
with dynamic bonds and reactive polymer systems.

Biobased polymers (or bio-resins) are polymer resins derived partly or entirely from renewable biomass
such as plants, animals, fungi, or microorganisms. Their sustainability is typically assessed by the biogenic
carbon content (fraction of carbon originating from renewable resources) (Mohanty, Vivekanandhan &
Misra 2018). The main goal of bio-resins is to serve as sustainable alternatives to petroleum-based resins,
especially when combined with natural or recyclable fibers to produce truly “green composites.” To be
environmentally viable though, bio-resins should not compete with food resources and, ideally, should
also be biodegradable (Hottle, Bilec & Landis 2013).



Bio-resins can be obtained through three main pathways:

1. Directly from biomass - cellulose, starch, lignin, and bacterial polymers.

2. Polymerization of biobased building blocks, produced by biotechnology from agricultural crops,
forestry residues, or microalgae (e.g., lactic acid = PLA, succinic acid - polyesters).

3. Chemical modification of existing biopolymers - vegetable oils (e.g. soybean, linseed, canola,
sunflower, Karanja), where unsaturated triglyceride chains allow epoxidation or functionalization
into resin precursors.

Vitrimers are another subset of sustainable resins slowly creeping into the center stage, they are a
relatively new class of materials involving dynamic bonds which provide polymer materials with new
properties such as re-processability, healability and recyclability. Among the large research themes of
dealing with dynamic materials, vitrimers appear as a promising alternative joining the advantages of
thermosets with initial low viscous flow and good mechanical characteristics with the re-processability of
thermoplastics. Vitrimer properties are induced by an associative exchange mechanism in the polymer
network which maintain the cross-link density constant during thermal activation with an unchanged
number of chemical bonds through the reprocessing procedure. Specifically, they are made of atoms that
are covalently bonded to form a network and the design principle is based on reversible network topology
freezing. When the network is able to change its topology through bond exchange reactions, the material
relaxes stresses and flows, even though the total number of bonds stays constant in time and does not
fluctuate. Upon heating, the dynamic linkages of vitrimers can be redistributed through the network,
while maintaining the crosslink density constant, thus resulting in a viscosity decrease and ultimately
malleability of the network highlight a major advantage over conventional systems (Schenk et al. 2022,
Denissen et al. 2016).

Reactive thermoplastic resins (RTPs) are one of the current attractive materials for sustainable composite
manufacturing. Unlike conventional thermoplastics that must be melted and reformed, RTPs start of low-
viscosity-fluids and are therefore suitable for liquid composite molding technologies like resin transfer
molding (RTM) and vacuum-assisted RTM (VARTM). They are cyclic esters, methyl methacrylate, and cyclic
butylene terephthalate oligomers-based which undergo in-situ polymerization in the tool/mold. Their
processing is comparable to that of thermosets: they first appear as low-viscosity fluids that can easily
impregnate fiber reinforcements. However, unlike thermosets, they do not produce a permanent
crosslinked network. Instead, they retain their thermoplastic nature, which is a prime advantage; they are
recyclable, repairable (healable), and weldable or thermoformable after their initial processing. This offers
maximum processability combined with long-term sustainability, a factor of increasing importance in
industries starting to impose strict environmental laws. In practice, RTP systems are made up of
monomers and/or oligomers mixed with a catalyst, and in some cases, an activator. The mixture is injected
into a mold containing the reinforcement and polymerization is carried out in a one-step synthesis to form
the end thermoplastic matrix. Ultimately, reactive thermoplastic composites are better than thermosets
when toughness, recyclability, or post-processing flexibility are required. With their combination of low-



viscosity processability, high performance, and recyclability at end-of-life, one of the most appealing paths
to truly sustainable, next-generation structural composites (Robert et al. 2021, Bodaghi et al. 2022).

Natural Fibers and Hybrid composites

Natural fibers are steadily gaining attention as sustainable reinforcements in polymer composites due to
their low cost, low density, biodegradability and reduced environmental impacts as compared to synthetic
petroleum-based fibers that require extremely high energy intensive processes to be manufactured. Many
natural fibers such as jute, flax, hemp, sisal, kenaf and bamboo are being studied with each showing
favorable specific strength and stiffness. However, their inherent hygroscopic nature leading to poor
interfacial adhesion between matrix and said reinforcements and reduced long term durability poses a
major problem for wider adoption (Pickering et al. 2016). Hence the reason why most research is
skewered towards chemical and mechanical treatments for fiber surface modification to enhance
compatibility and increase mechanical properties of the composite.

Hybridization is another promising approach where the natural fibers are mixed with synthetic fibers
(carbon and glass fibers). This strategy leverages the biodegradability of the natural fibers and the
mechanical advantages of the synthetics. Studies have shown that optimized fiber stacking sequences and
fiber ratios have been seen to improve fatigue resistance, impact tolerance and reduce voids in tested
laminate (Jawaid et al., 2018). This balance produces a sustainable eco-friendly alternative particularly
attractive to the automotive and construction industries.

3.2 Manufacturing Process Improvements
Energy Efficiency

Thermal curing remains essential for achieving full polymer crosslinking in many composite systems.
However, traditional curing approaches—particularly oven and autoclave processes—require long
heating cycles, high temperatures, and large thermal masses, resulting in substantial energy consumption
(Collinson et al. 2022). Reducing cure temperature or shortening dwell times through improved resin
chemistry offers a direct pathway to lowering the energy footprint.

Some of the approaches that can mitigate this are development of fast curing resins, low temperature
curing resins and alternate curing methods such as UV or microwave radiation (Abliz et al. 2020). While
UV-curable structural systems remain less commercially mature than thermal-cure epoxies, hybrid
thermo-UV formulations have been developed that enable partial curing under UV followed by thermal
completion (Chen et al. 2017).

Autoclave curing, a high energy process, is integral to many composite manufacturing processes by
applying heat and pressure throughout cure. Moving to out-of-autoclave processes that use a vacuum bag
and an oven could significantly reduce energy consumption. Vacuum bag only cure has also had success
with sustainable fibers such as flax/epoxy composites (Ekuase et al. 2022). However, the benefits of an
autoclave such as mitigating human error in layup, wrinkles and faults, are not easily transferred to out-



of-autoclave curing. Furthermore, many aerospace resins have been qualified for flight based on specific
manufacturing processes and requalification can be expensive and time intensive (Razali et al. 2021).

Material out-life is another major factor influencing sustainability. Refrigerated storage of prepregs incurs
significant operational energy demand. Research into ambient-stable prepregs promises to alleviate this
burden (Smith and Hubert 2023). UV-curable prepregs further reduce storage requirements provided that
UV exposure is avoided during handling.

Low-Waste Manufacturing

The manufacturing of composites is renowned for having a relatively high waste or scrap amount. In part,
this is down to its in-process consumables and waste, but also any manufacturing inconsistencies or faults.
Both waste and consumables add to the embodied carbon of the part.

Consumables are used in nearly every composite manufacture, which are traditionally single use and not
designed with sustainability in mind. These include vacuum bags, breather, peel ply, inlet and outlet pipes.
Many are not able to be recycled due to being contaminated with raw materials and resins. Carbon neutral
consumables, natural fiber breathers and reusable vacuum bags offer more sustainable and reusable
options during manufacture. However, until these become a viable option across the industry, thousands
of tons of consumables will continue to end up in landfill (Maiti et al. 2022).

Processes that reduce the waste or use the least amount of material necessary are beneficial for
sustainable production. Automated fiber placement (AFP) is a highly accurate automated process that
results in low waste, fibers are only deposited where required and impregnated with resins before
deposition. Various studies show the possibilities of 3D printing continuous fibers, and the opportunities
to use low waste processes for manufacturing complex geometries that require structural properties. AFP
and 3D printing have also been proven with natural or sustainable materials such as flax and
thermoplastics. The main limitation of these processes is that the high mechanical properties of
conventional processing does not always follow (Raspall et al. 2019). For the right application, these
processes will provide a more sustainable option.

Digitalization & Smart Manufacturing

The manufacturing sector is continuously evolving with the integration of artificial intelligence (Al),
Machine learning (ML), digital twins (DTs), and the Internet of Things (loT). These newly adopted
technologies are changing conventional composite manufacturing by providing data-centric, adaptive,
and more sustainable operations. Digital twins are basically virtual replicas of physical assets which are
continuously updated with Big Data. This allows for the real-time simulation of processes of resin-transfer
molding (RTM) and automated-fiber placement (AFP) processes. This synchronization supports not only
dynamic decision-making, early fault detection, and optimization of process parameters but it ultimately
reduces overall material waste and energy used (Polini & Corrado 2020).



When Al is used together with the digital-twins, it complements the ecosystem by automizing pattern
recognitions, defect predictions, and process controls. ML models take in multi-modal data to forecast
observed deviations in part quality and output corrective steps before production even begins saving time,
energy and material. Convolutional neural networks is an advanced algorithm which is currently being
used to identify defects, predictive-maintenance models are also used to extend the lifetimes of
equipment by anticipating failures (Wang et al. 2023).

Physics-informed Al is a growing area of focus that combines the strengths of data-driven models with
laws of physics. This is another hybrid approach which addresses one of manufacturing’s biggest
challenges - the scarcity of labeled datasets and the extreme costs attached to them (Karniadakis et al.
2021). By integrating physical laws into virtual processing models, manufacturers are able to generate
reliable synthetic data, limit predictions, and improve the development of accurate digital twins without
the need for excessive experimentation to create data points.

Beyond optimizing the processes, they contribute to broader sustainability and circular-economy goals by
simulating the entire product life-cycle from raw-material selection to its end-of-life. They actively provide
actionable insights into carbon footprints, recyclability and design trade-offs. These insights position
scientific and smart digital manufacturing not only as a tool for efficiency but also as a driver of innovation
(Ribeiro et al. 2021).

Ultimately, Al and digital twins together enable a closed-loop smart manufacturing system, a system
where real-world data, predictive models, physical laws and constraints work hand -in hand. For
composite manufacturing, this translates into fewer defects, lower costs, reduced environmental impact,
less wasted materials and greater production yields.

3.3 Circular Economy Approaches

Increasing composite lifetime — Durability and Repair

An important part of increasing the sustainability of composite systems is to make current and emerging
materials more durable to a wide variety of environmental and in-service factors. This in turn will lead to
an increase in the in-service lifetime of the composite structures and a reduction in the need to renew
and replace.

Factors that affect the long-term effectiveness of composite materials include temperature, chemical
exposure, radiation, exposure to water/humidity and weathering. Degradation is exacerbated when
components are under constant or cyclic loads, and when these factors act in combination, such as in
offshore marine, space, and high temperature propulsion environments. It is important to understand the
behavior of composites and protect them when exposed to short-term, highly damaging events.
Composite durability and lifetime can be enhanced by ensuring the right materials (fiber and polymer) are
selected and protective treatments/additives are used keeping performance and cost in mind. The
resulting increase in composite lifetime could result in a reduction in the amount of repair and
replacement required.



The waste hierarchy prioritizes repair and reuse of composite parts over recycling to maximize the value
to materials. If damage is detected, repairing parts is a sustainable way of extending the lifetime of
composite parts. The objective of any structural repair is to restore the original mechanical performance
and ideally restore any further functionality. Some of the repair strategies include patching and liquid
resin injection. Much of the modern research into alternative composite repair methods concerns self-
healing technology. Composites are ideal candidates for using self-healing systems because they are easily
damaged, and their repair can be both complex and expensive.

Design for Disassembly and Reuse

Many reuse options involve using a part in a different application to its original purpose. Consequently,
the disassembly of large, complex structures into the desired components is complicated by the range of
bonding methodologies employed both at composite-composite and composite-metal joints. To reduce
machining burdens, designed disassembly may be beneficial when dealing with large composite structures
at end of life (Broughton 2023). Modular structures comprising several smaller units/components
attached together, either by reversible adhesives or mechanical joints that can be unfastened, gives
engineers more flexibility when it comes to extending lifetime. Components that remain in good condition
can be reassembled into new iterations of the superstructure they were originally designed for whereas
components that are damaged, defective, or otherwise worn parts can be assessed for repair viability or
be fed into the most appropriate recycling process.

Recycling Technologies

As composites are made of at least two distinct materials, recycling techniques need to be capable of
recovering multiple distinct materials. This makes their recycling more complex than conventional
materials like plastic packaging and metals, leading to many composite parts ending in landfill. Significant
research has been carried out to assess and develop the capability to recycle composite materials. This
has largely been focused on the recovery of carbon fiber from FRPs, which is driven by economics
(Hadigheh et al. 2021). These economic drivers do not exist for the recovery of lower value fibers like glass
or for the polymer matrix itself and therefore less progress has been made.

The key processes currently using in composite recycling are:

e Mechanical recycling is a low energy technique where a downsized form of composite is produced
(typically shredded, granulated or powdered) for use as fillers.

e Thermal recycling involves pyrolysis to recover carbon fibers. Fibers may be subject to post-
processing and treatment to manage contamination and damage during the recycling process.

e Chemical recycling involves solvolysis in which a chemical solvent is used to degrade the resin and
provides the opportunity to recover fibers with minimal performance drop as well as the
possibility of collecting the resin for re-use, depending on the type.



4. Adopting Sustainability - Implementation Roadmap for Industry

e  Material Transition
o Adopt bio-based and recyclable resin systems.
o Increase use of recycled fiber content in non-critical applications.
e Process Optimization
o Transition from autoclave to out-of-autoclave or liquid molding where feasible.
o Integrate real-time cure and consolidation monitoring.
o Optimize cycle times using thermal modelling and digital twins.
e Waste Minimization
o Employ automated nesting and precision cutting to reduce offcuts.
o Reuse consumables and promote solvent-free cleaning methods.
e Circularity and End-of-Life Planning
o Adopt recycling-friendly design rules.
o Establish partnerships with recyclers to secure fiber recovery streams.
e Data-Driven Sustainability Governance
o Implement LCA-based decision frameworks.

o Publish sustainability performance metrics internally and externally.

5. Conclusion

Sustainable composites manufacturing is entering a transition phase driven by regulatory pressure,
corporate sustainability commitments, and the need for resilient supply chains. Current manufacturing
practices—reliant on high-energy curing, petroleum feedstocks, and limited recycling—are no longer
aligned with long-term environmental or economic objectives. A shift toward sustainable operations
requires simultaneous progress in materials, processing, and circular end-of-life systems.

Advances in low-carbon resins, recyclable thermosets, natural and recycled fibers, and low-energy
precursor technologies provide a pathway to reduce embodied energy while maintaining mechanical
performance. These material innovations must be paired with energy-efficient processing methods. Out-
of-autoclave routes, liquid molding, and composite additive manufacturing offer significant reductions in
energy use and material waste. Digitalization—including sensor-based cure monitoring, predictive



models, and digital twins—enables precise control of manufacturing variables, improved part quality, and
minimized scrap.

Sustainability cannot be achieved without addressing end-of-life. Recycling technologies such as pyrolysis
and solvolysis continue to mature and can recover high-value fibers with reduced environmental impact.
However, technical feasibility alone is insufficient. Design-for-disassembly approaches, standardized
recyclability guidelines, and stable secondary markets for recovered materials are essential to support a
circular economy. Integrating lifecycle assessment into early-stage design enables informed trade-offs,
supports transparent reporting, and ensures that sustainability decisions are grounded in measurable data
rather than assumptions.

Achieving sustainable composites manufacturing will require collaboration between material suppliers,
manufacturers, designers, end-users, and policymakers. Shared data standards, harmonized testing
protocols, and coordinated investment in recycling infrastructure will accelerate adoption. Organizations
that implement these practices early will gain strategic advantages through reduced operational costs,
improved regulatory compliance, and strengthened supply-chain resilience.

In summary, moving towards sustainable composites manufacturing is technically achievable and
economically justified. Progress will depend on continuous innovation, cross-sector cooperation, and
consistent evaluation using lifecycle-based metrics. With deliberate action, the composite materials
industry can transition from a linear model to a circular, low-carbon system that supports long-term
environmental and industrial objectives.
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