








Context & technical challenges

Recycled carbon fibers, often available as production waste,
are difficult to integrate into high-performance applications
due to their irregular properties and the lack of adapted
manufacturing processes. Additionally, producing complex
hollow composite structures typically involves high assembly
costs, multiple fasteners, and drilling operations, which
increases the environmental footprint. In this work, SUSPENS
has addressed these challenges by exploring innovative
ways to utilize recycled carbon fiber waste and develop an
energy-efficient process that drastically reduces assembly
time of complex structures.

Development objectives

The primary objective of this work was to demonstrate a
viable manufacturing route for complex hollow composite
parts using staple yarns made from recycled carbon fiber
production waste.

Key performance indicators included the demonstration
that recycled carbon fibres can be transformed using the
same process than virgin fibres, while maintaining a fiber
volume fraction close to 50%. Additionally, the project
sought to reduce the environmental impact by minimizing
waste generation and energy consumption throughout the
manufacturing process. The goal was to develop a process
that could be scaled forindustrial applications in sectors such
as aerospace, automotive, and leisure boat manufacturing.
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Aerospace use case

Hollow demonstrator made from staple yarns and bladder-assisted RTM

Approach & methodoloqgy

Tailored fibre placement of recycled staple yarns

The methodology involved several innovative steps to address
the technical challenges. First, carbon fibre production waste
was transformed into staple yarns with a polyamide covering
by the Institute of Textile Machinery (ITM), TU Dresden. These
staple yarns were then used to manufacture preforms via
Tailored Fiber Placement (TFP), a process that allows precise
placement of fibers without generating scrap.

To produce complex
hollow parts, a bladder-
assisted Resin Transfer
Molding (RTM) process was
employed. This involved
using reusable silicone
bladders filled with polymer
beads and water to apply uniform pressure during resin
injection. An autonomous RTM tool was developed to manage

both temperature and pressure, eliminating the need for
complex and costly equipment like hydraulic presses. Flat
panels were initially manufactured to validate process
parameters and assess mechanical performance before
scaling up to a hollow wingbox demonstrator. This approach
ensured that the process was both energy-efficient and
adaptable to various geometries.

Bladder manufacturing




/ Key findings

A hollow wingbox demonstratorwas successfully
produced using bladder-assisted RTM, validating
the feasibility of the process for complex parts.
The Technology Readiness Level (TRL) of the
process was estimated at4-5, indicating validation
at the laboratory scale with potential for further
industrial development.

Flat panels manufactured using staple yarns
and RTM6 resin exhibited a tensile modulus of
22.4 + 41 GPa and a flexural modulus of 11.7 + 4.2
GPa. However, the fiber volume fraction achieved
was approximately 40%, which was lower than
the target of 50% due to the bulkiness and
alignmentissues of the staple yarns. Micrographs
of the panels revealed large resin pockets and
heterogeneous fiber orientation, which contributed
to the lower mechanical properties compared to
virgin fiber composites.

Aerospace demonstrator

Impact & added value

Engineer, IRT Jules Verne
guillaume.vincent@irt-jules-verne.fr
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RECYCLING
TECHNOLOGIES.

he SUSPENS project has focused

on two innovative recycling

processes for carbon fiber-
reinforced polymers (CFRPS): solvolysis
and pyrolysis. Solvolysis has been used to
eliminate the resin from the composites
developed within the project. Various
solvents have been tested, and reclaimed
elements have been used to produce
new resins. Pyrolysis has been integrated
into a novel pilot system that has
combined continuous carbon fiber (CF)
production from bio-based resources

with simultaneous CFRP recycling.

A carbonization line has been connected
to a semi-pilot pyrolysis furnace, where
hot gases from carbonization have
contributed to the pyrolysis of composite
materials to reclaim fibers. This approach
has reduced energy consumption
by combining two energy-intensive
processes into one, eliminating the need
for additional inert gas and lowering
the industrial environmental impact.
Both methods have been assessed to
define strategies for exploiting fibrous
and liquid byproducts as secondary

raw materials.
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Context & technical challenges

End-of-life thermoset composites usually end up in solid
waste streams, i.e. they are burned or used as landfill. From
the several available composite recycling technologies,
pyrolysis is the most well-established one that enables the
valorisation of fibres from the polymeric matrix.

Pyrolysisis athermal recycling process that requires continuous
feed of inert gas and considerable amounts of energy to
achieve high temperatures (>500-800°C), considering also
long operation time (i.e. 6 hours). The most energy-intensive
step during the whole process is the heating of the pyrolysis
furnace. The process energy consumption varies from 2.8
to 30 MJ per kg of Carbon Fiber Reinforced Polymer (CFRP)
waste recycling, requiring new advancements for the energy
and gas use reduction, while maintaining the properties and
processability of the reclaimed fibres.

On the other hand, the production of carbon fibers (CFs) is
also a high-energy-intensive process with consumption
up to 704 MJ/kg of produced CFs, corresponding to CO,
eg. emissions of 31 kg/kg of PAN. Fossil-based precursors,
such as polyacrylonitrile (PAN), are thermally treated passing
from a stabilisation and carbonisation process, to reach
a fully carbonised state. During carbonisation process,
the thermal treatment of the stabilised fibres is carried
out at temperatures ranging from 1000 to 1800°C in inert
atmosphere. The inert gas used (Nitrogen in most cases),
togetherwith the exhaust gas by-products, are usually burned
in even higher temperatures, resulting in loss of energy.
SUSPENS revealed the exploitation potential of the hot gas

Suspens

Novel pyrolysis approach

Innovative combined carbonisation-pyrolysis line for carbon fibers production and reclamation

emissions of the carbonisation line of NTUA, to be used
in the thermal decomposition of end-of-life polymeric
composite matrices, through a novel combined pyrolysis
pilot line (recovery of CFs and production of pyrolysis oils
as secondary raw materials).

Development objectives

In SUSPENS, the combination of the two processes
(carbonisation and pyrolysis) has been investigated
targeting to reduce both the energy needed to heat the
pyrolysis furnace, and the inert gas needed to maintain inert
conditions, through the exploitation of the hot carbonisation
gases. This way one energy-intensive process will be performed
with reduced electrical consumption, leading to reduction
of the CO, eq. emissions.

Inert gas
(N, orAr)

L o

Approach & methodology

To realise this innovative pyrolysis line, 5 steps were

followed:

» CFD analysis of the heat and mass transfer for the
two processes

*Design and modification of an existing pilot
scale carbonization furnace at NTUA to enable
continuous CF production, including CFD analysis on
heat distribution and transfer

- Design of pyrolysis chamber (assisted also with electrical
supply)

+ Design of the connection between the two systems
for efficient gases transfer, including CFD analysis on
the heat distribution from the carbonisation gases on the
pyrolysis furnace

» Manufacturing of the line.

Main Product: CF

NTUA has the capacity to pyrolyse

.y Ay ! 9
.- Stabilisation | - \ Surface ??  thermoset CFRPsat550°C, thusthetarget
Melt spinning (Thermal Carbonisation Treatment/ g8
(Up to 180°C) Oxidation, (Up to 1800°C) P ®c H H i
up to 400°C) ! ! Sizing @ % was set to achieve this temperature with
X o ' 3 the assistance of the carbonisation hot
1 o2 1 ‘ . . .
' 2 g2 e ' gas, with reduced electrical consumption.
! 0 3 @ ! .
oND® 1 Composites H H
' g 5 X 8 ' manufacturing The simulations showed that the hot
‘§ : 3 : ‘ o  ases at the edge of the carbonisation
1 1 m
.'g_ Recovered fibres « ! w3 furnace could reach up to 800°C, thus
Pyrolysi EoL o . .
E ' (s0n-650°c) ‘G| composite « Usephase |8 g the pyrolysis chamberthat receives waste
Pyrolysis oil « ! v iaatinn i
§ | TYovseem . | £ heatfromthe carbonisation line to reach
[T] 1 1 «Q
o e e e e = 4

Energy Intensive processes

the pyrolysis temperature of composites



T

Flow rate = 10 m¥/h *

Temperature
Contour 4

out average ~ SO0 °L ‘o, %

(500-600°C) was designed. For the hot gases transfer, a coil
was designed around the carbonisation furnace outlet to heat
the gas before being transferred to the pyrolysis furnace.

After manufacturing of the line, experimental investigation
was performed to assess and validate the simulations and
achieve hot gases transfer. Different coils were assessed for
the gas transfer and respective gas flow rate was adjusted
based on the gas temperature measurements.

Energy simulation models have been developed in Modelica
by IRT Jules Verne to compare the performance of the initial
line with that of the innovative line with the reuse of hot
gases. These models required the creation of simulation
components typically for representing carbonisation and
pyrolysis furnaces. In addition, a more complex high-
capacity industrial production line has also been modelled,
incorporating ancillary systems such as an oxidation furnace
and a regenerative thermal oxidizer for hot gas treatment.

Key findings

Based on the CFD calculations and expected pyrolysis
temperature, the pyrolysis furnace constructed
consisted by two main chambers; an inner and an outer
one, separated by a layer of thermal insulation. At the back
of the inner chamber the gas inlet and outlet have been
placed. In case the inner chamber cannot be totally filled
with the hot gases from the carbonisation line, extra inert
gas will be introduced from a bottle, using supportive
equipment for preheating this stream. A copper coil was
used for gas transferring. With the carbonisation furnace
operating at 1800°C, the distance between the 2 furnaces to
be at 2 m, and a nitrogen flow to be above 300 ml/min, the

The preheated gases reaching the pyrolysis furnace
will allow the reduction of the electrical consumption
of the furnace through electrical heating, as the
heating elements will require less electricity for
reaching 550°C. This allows the reduction on the
energy consumption of the process making more
environmentally friendly than before. Furthermore,
the heated gases could improve the pyrolysis process

itself by having a two-step heating (one form gases

hot gases reaching the carbonisation furnace had reached

130°C (measured using a pyrometer). However, there was
significant heat loss during transfer, thus insulation has
to be improved to reach higher temperatures.
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and second at pyrolysis temperature), however, this
will be performed next. Energy simulation results from
IRT Jules Verne provide an estimation of the innovative
line efficiency. The modified gas flow architecture
enables effective reuse of high-temperature gases,
significantlyimproving the internal energy efficiency
of the system with a 40% reduction in direct energy
consumption.
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LIFE-CYCLE
ASSESSMENT.

ife Cycle Assessment (LCA)
is a critical tool for evaluating

the environmental impact of
materials like bio-based resins, natural
fibers, and recycled fibers. This article
demonstrates how these sustainable
alternatives compare to traditional
materials, focusing on their energy-
efficient processing and real-world

applications. By analysing their life

cycles—from raw material extraction to
end-of-life—we uncover opportunities to
reduce carbon footprints by identifying
hotspots. The low maturity of the
materials that we have developed is
making the comparison difficult with
legacy industrialised products and
further research and development is
necessary to obtain the full picture.
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Context & technical challenges

The Life Cycle Assessment (LCA) conducted within the
SUSPENS project faced several methodological and data-
related challenges, which are typical when assessing emerging
sustainable composite systems.

Akey limitation was the lack of representative and high-quality
life cycle inventory (LCI) data for some of the materials and
processes investigated within the scope of this project. Since
these materials and processes are still under development
or not yet widely industrialized, they are often not included
in standard LCA databases such as Ecoinvent.

To address these gaps, proxy datasets were used,
complemented by data from scientific literature. While
this approach enables the assessment to proceed, it
introduces uncertainty and requires careful selection of analog
processes and sensitivity analyses to ensure robustness of
the results.

Additionally, assumptions had to be made regarding scaling
from laboratory or pilot-scale production to industrial-scale
manufacturing, which can significantly influence environmental
performance.

Development objectives

SUSPENS sustainability target:

The project aims to demonstrate that the use of bio-
sourced and recycled materials, combined with optimized
composite manufacturing and innovative recycling
processes, can lead to CO, emission reductions of
more than 40% across the whole composite life cycle.

Suspens

LCA of SUSPENS materials

Specific KPIs:

 Lignin-based CFs: ~60% reduction in CO, emissions
compared to PAN-based carbon fibers.

» Recycled GF: ~12-18% reduction in energy demand and
CO, emissions compared to virgin glass fibers.

* Recycled CF: Energy demand reduced to ~10% of that
required for virgin carbon fiber production.

These targets are intended to demonstrate the environmental

advantages of alternative materials and processes, while

ensuring their suitability for industrial applications. By

validating these improvements, SUSPENS supports the

transition towards low-carbon composite value chains.

Approach & methodology

Life Cycle Assessment (LCA) is an internationally standardized
methodology defined by ISO 14040:2006 and ISO
14044:2006 for quantifying the environmental impacts
associated with the full life cycle of a product, process,
or service. ISO 14040 defines the general principles and
framework, while ISO 14044 specifies the methodological
requirements and guidance. In this project, a cradle-to-
gate LCA was performed, covering raw material extraction,
SUSPENS material production, and composite manufacturing.
Dedicated system boundaries were defined for the end-
of-life assessment to evaluate the solvolysis and pyrolysis
recycling technologies developed within SUSPENS and
applied to representative GFRP and CFRP composite
systems. All materials and processes were modelled using
SimaPro v10.3.0.1 with the Ecoinvent v3.10 database.
The Environmental Footprint 3.1 (EF 3.1) methodology,
developed by the European Commission Joint Research
Centre, was applied for life cycle impact assessment.

Key findings

Normalized contribution of processes
and materials to climate change impact
relative to the reference scenario
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Climate change impacts are reduced by 35% compared to Climate change impacts are reduced by 63% compared
virgin glass fiber, mainly due to the avoidance of energy- to the PAN-based precursor, mainly due to the use of
intensive primary melting processes. low-impact lignin and biopolymer feedstocks, avoiding
energy-intensive petrochemical acrylonitrile production
12
and solvent-based processing.
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the achieved impact reductions
demonstrate the added value of
Climate change impacts are reduced by 62% compared Climate change impacts are reduced by 12% compared to SUSPENS solutions in advancing
to virgin carbon fiber, primarily because the most energy- the reference resin (MAN-PAN-PG in STY), mainly due to low-carbon composite materials.
intensive steps—stabilisation and carbonisation—are avoided. reduced electricity demand during production.
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HIGHLIGHTS.

issemination activities played an
important role in raising awareness
of the SUSPENS project and its
results. Through events, publications,

online communication, and networking
opportunities, the consortium shared key
achievements, exchanged knowledge with
relevant stakeholders, and helped promote
the uptake of the SUSPENS project outcomes.
These activities contributed to extending
the project’'s reach and ensuring that its
results can continue to generate benefits
beyond the end of the project.
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Events

SUSPENS at
JEC World 2026

A major dissemination achievement for SUSPENS was its
participation in the 2026 edition of the JEC World 2026,
one of the world’s leading international events dedicated
to composite materials.

The project was showcased at the EcoComposites Cluster
stand, providing high visibility among industrial stakeholders,
researchers, policymakers, and innovation actors from
across the composites value chain. The event offered an
excellent opportunity to disseminate project results, engage
with potential end users, and strengthen collaboration with
other European initiatives working towards sustainable
composites.

SUSPENS also contributed to the conference programme
through two technical presentations:
« Lightweight and Sustainable Composite Parts for Transport
Applications — Justine Martin (COMPOSITEC)
- Recycling and Circularity Strategies for Next-Generation
Composite Materials — Tapio Korhonen (LIPEX)
/=C WORLD
2026 oy

March 10-12 A PARES-NORD VLLEPWTE

Suspens

To further encourage stakeholder engagement, the

EcoComposites Cluster organised a networking cocktail
reception at its exhibition stand. The event brought
together European Commission Project Officers,
policy experts, industry representatives, and research
organisations, creating a valuable forum for discussing
project achievements, future exploitation opportunities,
and the challenges associated with the transition towards
sustainable composite materials.

Participation in JEC World 2026 significantly enhanced
the visibility of SUSPENS, facilitated the dissemination
of project results to a broad international audience, and
reinforced cooperation within the European composites
community.




EcoComposites
Cluster:
Advancing
bio-based and
recyclable
composites

=COCOMPOSITES

SUSPENS is part of the EcoComposites Cluster, which
brings together six Horizon Europe projects committed
to accelerating the transition towards more sustainable
composite materials. Through the development of bio-
based alternatives, innovative recycling technologies,
and circular design approaches, the Cluster promotes
collaboration and knowledge exchange across the European
composites ecosystem.
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SUSPENS at
ECCM22

Another key dissemination milestone is the participation
of SUSPENS in the ECCM22, held in Norway in June 2026.

In collaboration with the sister projects FOREST and
R-LightBioCom within the EcoComposites Cluster, SUSPENS
co-organised a dedicated thematic session entitled
"EcoComposites Cluster - Sustainability of Composites
in the Transportation Sector.” This session served as a
platform to showcase the latest scientific and technological
developments achieved by the participating projects and to
engage with the wider composites research and industrial
community. The session featured seven contributions from
SUSPENS consortium partners, highlighting key project
results related to sustainable materials development,
lightweight design, circularity strategies, and recycling
solutions for transportation applications.
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Broad scientific
outreach through
international
conferences

and fairs

Beyond its participation in major cluster-driven events,
SUSPENS actively disseminated its results through
numerous international scientific and industrial conferences
throughout the project duration. Consortium partners
presented research findings, technological developments,
and demonstration results at leading events dedicated to
composite materials, sustainable manufacturing, circular
economy, and transport applications.
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Investigation of Carbon Fibres Reclamation by
Pyrolysis Process for Their Reuse Potential

Abstract

During Carbon Fibre Reinforced Polymers (CFRPs) manufacturing,
large quantities of scrap are being produced and usually disposed
to landfill or incinerated, resulting in a high environmental impact.
Furthermore, CFRP parts that have been damaged or reached their
end-of-life, follow the same disposal route and because of this, not
only the environment s affected, but also high added-value materials,
such as carbon fibres (CFs) are lost without further valorisation. Several
recycling technologies have been suggested, such as pyrolysis, to

This review article gathers the most recent recycling technologies
for thermoset and thermoplastic polymers. Results about existing

experimental procedures and their effectiveness are presented. For
thermoset polymers, the review focuses mainly on fibre-reinforced
polymer composites, with an emphasis on epoxy-based systems
and carbon/glass fibres as reinforcement, due to the environmental
concerns of their end-of-life management. Thermal processes (fluidised
bed, pyrolysis) and chemical processes (different types of solvolysis)

Scientific publications

Authors: Stefania Termine, Valentina Naxaki, Dionisis Semitekolos, Aikaterini-Flora Trompeta,

Massimo Rovere, Alberto Tagliaferro, Costas Charitidis

retrieve the CF reinforcement from the CFRPs. However, pyrolysis
produces CFs that have residual resin and pyrolytic carbon at their
surface. In order to retrieve clean long fibres, oxidation treatment in
high temperatures is required. The oxidation treatment, however,
has a high impact on the mechanical properties of the reclaimed
CFs; therefore, an optimised pyrolysis procedure of CFRPs and
post-pyrolysis treatment of reclaimed fibres (rCFs) is required. In
this study, CFRPs have been subjected to pyrolysis to investigate

the reclamation of CF fabrics in their primal form. The temperature of
550 °C was selected as the optimum processing temperature for the
investigated composites. A parametric study on the post-pyrolysis
treatment was performed in order to remove the residues from the
fabrics and at the same time to investigate the CFs reusability, in
terms of their mechanical and surface properties.
https://www.mdpi.com/2073-4360/15/3/768

Christina Podara, Stefania Termine, Maria Modestou, Dionisis Semitekolos, Christos Tsirogiannis,
Melpo Karamitrou, Aikaterini-Flora Trompeta, Tatjana Kosanovic Milickovic, Costas Charitidis

are discussed. The most recent combined processes (microwave,
steam, and ultrasonic assisted techniques) and extraordinary
recycling attempts (electrochemical, biological, and with ionic liquids)
are analysed. Mechanical recycling that leads to the downgrading
of materials is excluded. Insights are also given for the upcycling
methodologies that have been implemented until now for the reuse
of fibres. As for thermoplastic polymers, the most state-of-the-
art recycling approach for the most common polymer matrices is

presented, together with the appropriate additivation for matrix
upcycling. Mechanical, chemical, and enzymatic recycling processes
are described, among others. The use of fibre-reinforced thermoplastic
composites is quite new, and thus, the most recent achievements
are presented. With all of the above information, this extensive review
can serve as a guide for educational purposes, targeting students
and technicians in polymers recycling.
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Low-Viscosity Eutectic Hardeners for More
Sustainable Cross-Linking Conditions

Abstract

Preparation of very-low-viscosity eutectic mixtures was proposed
for incorporating high-melting-temperature citric acid (CA) as a
reactive cross-linker for curing of thermoset resins. By preparing
the 1:1 molar ratio of CA with either diethyl malonate (DEM), diethyl
succinate (DES), diethyl glutarate (DEG), diethyl oxalate (DEO), or
triethyl citrate (TEC), the citric acid melting temperature (153 °C)
decreased under -50 °C, which is more than 200 °C lower than the

Four different eutectic hardeners (EH) were used to polymerize

epoxidized linseed oil. The study highlights very different rate-limiting
steps for systems with and without EHs resulting in different final
properties. The reaction starts at a much lower temperature in the
presence of EH (around 50-80 °C lower), and one system (CATEC-
ELO) starts to react at a temperature around 30-40 °C below that of
the other EH systems. The different reactivities and final properties

Authors: Mona Jamali-Moghadam-Siahkali,
Nathanael Guigo, Luc Vincent, Nicolas Sbirrazzuoli

pure CA melting temperature. Furthermore, a significant depression
in the mixture viscosity to few pascals (1.5 to 5.3 Pa-s) was observed
for CADEG, CDAES, CADEM, and CADEO leading to optimal mixing
with the resin. The eutectic mixtures were then used to cure the
epoxidized linseed oil (ELO) in two steps. The highest glass transition
of 40 *1°C was obtained for CADEM-ELO, followed by a significantly
higher Young's modulus of 101+ 7 MPa, a tensile strength of 45 + 3.7,

ACSPublications
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and a stress at break of 10 + 0.7 compared to other thermosets using
EHs. Considering the thermal and mechanical properties, the superior
performance of CADEM-ELO over other systems was confirmed by
its lowest swelling ratio (78 £ 10) and highest gel fraction (93 * 2).
https://pubs.acs.org/doi/10.1021/acsapm.4c00510

Mona Jamali Moghadam Siahkali,
Nathanael Guigo, Luc Vincent, Nicolas Sbirrazzuoli

of this system are explained by the presence of a hydroxyl group, a
more hindered structure, and hydrogen interactions. The reactivity
of CATEC-ELO can be parametrized with a two-step competing
mechanism (TSC), while the other systems are described by an
autocatalytic step, followed by diffusion control of short polymer
chains. The four methods proposed in this study, TSC, SVM, VSD(n),
and SD(n,p). enable a very good modeling of the polymerization rate.

The method of SVM s quite fast and gives very accurate results. The
methods SVM, VSD(n), and SD(n.p) combine an autocatalytic step
and a term that accounts for diffusion. A new method (SD(n,p)) is
presented in this study. It appears that the procedure proposed using
several steps yields meaningful kinetic parameters, even in the more
complex case where 10 parameters are determined (SD(n.p) method).

Low-viscosity, highly processable biobased thermoset polymers
from phloroglucinol Tris-epoxy resin with a green eutectic hardener

Abstract

This study presents the development of sustainable biobased
thermosets, meeting high performance polymer properties. Two
formulations were prepared through curing phloroglucinol tris epoxy
resin (PHTE) with two bio-based eutectic hardeners (EH) synthesized
from citric acid (CA) and diethyl malonate (DEM) at stoichiometric

ratio of 0.5and 1( R, ..ic n (DEM)Y _ 0.5,1) - These formulations
n (CA) ’

present advantages such as, high biobased content, low viscosity
of few Pa.s and efficient thermal and mechanical properties. The
glass transition temperatures ranging from 83 °C to 114 °C, Young's
modulus of = 2.8 GPa and a thermal stability (T10%) above 300 °C
were obtained for the two biobased thermosets. Using eutectic
hardeners to formulate high performance PHTE based thermosets

Authors: Mona Jamali Moghadam Siahkali,
Nathanael Guigo, Luc Vincent, Nicolas Sbirrazzuoli

ScienceDirect

has the potential to reduce the curing temperature, lowering the
viscosity leading to easy processability contributing to increase
the polymeric mixture homogeneity in high performance material
manufacturing processes.
https:/www.sciencedirect.com/science/article/pii/
S$1381514826001264?via%3Dihub
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