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Abstract: Composite materials, specifically carbon fiber reinforced plastics (CFRPs), are used in
various applications such as the automotive, aerospace, and renewable energy industries, thus
increasing their global production and volume consumption and creating a subsequent increase
in CFRP waste. Especially in space applications and Vega launcher construction, the use of CFRP
components to replace metal envisages significant benefits in the use phase by reducing weight
and fuel consumption requirements. The current and future waste management and environmental
legislation, considering the actual and impending EU framework on waste management, requires all
engineering materials to be properly recovered and recycled from EoL products. In this study, the
potential of recycling and the subsequent environmental benefits have been assessed by investigating
the EoL of CFRPs through a life cycle assessment (LCA). LCA is a valuable tool for evaluating a
composite material’s environmental ecological burdens over its lifetime. Therefore, it is important to
the composites industry as a material selection tool when determining the applicability of recycled
composites in the design phase. Particularly, the benefits from recycling methods were systematically
studied in order to assess the environmental impacts of EoL scenarios, to underline the importance
and necessity for the maturity increase in recycling technologies for CFRPs.

Keywords: carbon fiber; CFRPs; LCA; end-of-life; space; recycling; Vega launcher

1. Introduction

Composite materials have revolutionized the space industry by virtue of their multi-
functional, multi-directional and tailorable properties that can sustain the extreme envi-
ronment of outer space. Higher strength, lower weight and less maintenance have led to
many engineering applications in the transportation sector for significantly reduced energy
consumption and impact to the environment (CO2). Fiber metal laminates (FMLs), metal
matrix, polymer matrix and ceramic matrix composites have proven effective in satellites,
launch vehicles and space centers application due to their light weight, dimensional sta-
bility, high specific strength, thermal stability, tribological properties and diverse material
combinations. Aluminum (Al) and its alloys have proved to be promising candidates in
the aircraft and space industry for a long time.. This is attributed to their exceptional
strength-to-weight ratio, workability, cost-effectiveness, corrosion resistance and ease of
accessibility [1,2].

While the use of these materials provides many advantages, emerging challenges
include the protection of the environment and a push for changes in technology. Even in
the production of CFRPs which are promising candidates, optimization is still required
to reduce their energy footprint, especially when using autoclave technology which leads
to significant greenhouse gas emissions. Moreover, the growing volumes of CFRPs in
applications today will inevitably lead to larger volumes of CFRP waste being created
tomorrow. All these waste products will need to be managed with minimum impact on the
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environment. Therefore, whether the application of composites can reduce the pollution
generated during the whole life cycle of a process and end-product remains an important
issue. In response, an LCA method should be introduced to forecast and assist the design
of the possible EoL scenarios [1,3].

Waste treatment policy in the European Union (EU) aims to limit the impacts of waste
on the environment and create resource efficiency by promoting the use of waste as a
resource. Waste prevention, reuse, and recycling are now prioritized followed by other
forms of recovery, with disposal being only a last resort. The application of this hierarchy
is now a requirement for waste treatment in the EU [1,2].

Recycling of engineering materials will contribute to the sustainability and sustainable
development of industrial processes. Nowadays, metals, glass, thermal plastics and many
other engineering materials are recycled to a great extent. However, composite materials,
as a special category of engineering materials have not yet been properly recycled (both
for the matrix and for the reinforcement materials). This is mainly because the recycling of
composites is hindered both by the fiber and other types of reinforcement, and by the matrix
or binders—particularly the thermoset type. The current and future waste management
and environmental legislations require all engineering materials to be properly recovered
and recycled from EoL products. Despite these difficulties, recycling will eventually lead to
resource and energy savings for the production of re-enforcement and matrix materials [1].

The aim of this work is to outline the results and outlook of LCA analysis and waste
treatment routes of composite materials and innovation processes, as well as to describe
how the LCA method can improve our understanding of the possible impacts of processes.
Moreover, this work through EoL scenarios highlights the importance of recycling and how
recycling can contribute to redesigning and meliorating the processes. This comprehensive
analysis tool will be used to evaluate how products from the start of production through
EoL affect ecosystems and human health [1].

LCA is a highly efficient method used to examine and evaluate the environmental
“performance” of products, services, or processes during their entire life cycle. LCA
analyses the interaction between the product and the environment, taking into account the
involved processes, from raw materials extraction up to final disposal, aiming to quantify
the environmental impacts. In this way, LCA allows for identifying any weak points in
the production process, such as techniques that have a strong environmental impact or
involve the use of energy-intensive equipment. Consequently, LCA provides experts with
the necessary information to evaluate and identify alternatives to optimize the production’s
process related to environmental and financial variables [1].

In addition, LCA introduces the use of life cycle thinking in policy-making to de-
termine the key aspects of decision support for the new innovative materials and the
management of inherent uncertainties. It can play a key role as a support mechanism in
decision making for industry in the area of new innovative materials. However, many data
(primary or secondary) are required to achieve accurate results by applying this method-
ology. Their gathering is not always feasible in a timely way. Thus, sometimes, in order
to simplify the complexity of LCA’s analysis, some assumptions need to be made which
maintain a good balance between the accuracy and subjectivity of the analysis [1,4].

Moreover, this work attended to the waste management of CFRPs. CFRPs are used in
various applications such as the automotive, aerospace, and renewable energy industries
to replace currently used metal components, thus increasing their global production and
volume consumption. This rising adoption trend has also increased CFRP waste from
either EoL products or manufacturing rejects. The current and future waste management
and environmental legislation, considering the existing and impending EU framework on
waste management, require all engineering materials to be properly recovered and recycled
from EoL products. In the present study, recycling’s environmental benefits are assessed
against EoL treatments for CFRP waste through LCA. LCA is a valuable tool for assessing
a composite material’s environmental ecological burdens over its lifetime. Therefore, it is
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important as a material selection tool for the composites industry when determining the
applicability of recycled composites in the component design phase [5,6].

Specifically, this work presents:

• LCA of Composite VEGA launcher component, to calculate and compare the envi-
ronmental impact of the CFRP structure against stainless steel. Specifically, Vega,
the advanced-generation European carrier rocket, is an expendable launch system in
use by Arianespace and jointly developed by the Italian Space Agency (ASI) and the
European Space Agency (ESA). It is designed to launch small payloads(from 300 to
2500 kg satellites) for scientific and Earth observation missions to polar and low Earth
orbits [7]. The reference Vega mission is a polar orbit bringing a spacecraft of 1500 kg
to an altitude of 700 km. Vega has three solid-propellant stages and a liquid-propellant
upper module for attitude and orbit control, and satellite release. Unlike most small
launchers, Vega will be able to place multiple payloads into orbit. With a height of
30 m and a diameter of 3 m, Vega weighs a total of 137 t at liftoff. It has three main
sections: the lower composite, a restart-able upper module and the payload composite.
The lower composite consists of the three-stage and the four-stage interface structures.

• Recycling routes for CFRPs that could reveal beneficial EoL management which is
currently growing field and thus there is lack of documentation and systematic study.
This approach can give feedback to future recycling strategies, as well identify EoL
for the improvement of its environmental impact over conventionally used metal
components. The conventionally available recycling scenarios were studied and
compared to identify the most promising candidate processes, also regarding CFs
reclamation:

# Landfill waste treatment
# Incineration recycling route
# Mechanical recycling (landfill and incineration)
# Chemical recycling
# Pyrolysis
# Fluidized Bed (FB) recycling

The software chosen in the present study was a SimaPro 8.3 due to its versatility
and wide variety of functionalities. Finally, an Ecoinvent v3.3 was used as a reliable
reference database for Life Cycle Inventory (LCI) and IMPACT 2002+ was used as an impact
assessment method. The reason that no other tool was chosen, such as the EcoCalculator,
which is specific to the life cycle analysis of composite materials, is that in addition to
composite materials, the life cycle of stainless steel was also studied. Thus, it was necessary
to use a tool that provided data for both sets of materials. In addition, SimaPro software and
IMPACT 2002+ life cycle impact methodology were used as the most appropriate choices
due to compliance with ISO 14040:2006, ISO 14044:2006 and due to European regional
validity [8,9].

2. Materials and Methods
2.1. Materials

This work outlines the results and the outlook of LCA analysis and waste treatment
routes of CFRP materials against stainless steel in the aerospace industry. The materials that
are mainly used in the space industry are structural and high-performance components,
aiming for the adoption of lightweight solutions and high strength-to-weight ratio materials
such as CFRPs over steel to improve fuel efficiency and reduce emissions. The main goal is
to emphasize the multiple benefits that result from the use phase which plays a dominant
role in the life cycle impacts of the components.

In the case of steel components, the manufacturing process is metal shaping, which
is compared to CFRP machining. Specifically, as a raw material, stainless steel contains
environmental burdens from the extraction phase. The extraction phase starts from the
moment the mineral is collected so that the stainless steel is finally produced.
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CFs are produced using PAN-based or pitch-based precursors. The precursor under-
goes a series of operations. In the first step, the precursors are oxidized by exposing them
to high temperatures. Later, they go through carbonization and graphitization processes.
During these processes, precursors go through chemical changes that yield high stiffness-
to-weight and strength-to-weight properties. The successive surface treatment and sizing
process improves its resin compatibility and handleability. PAN refers to polyacrylonitrile,
a polymer fiber of textile origin.

The weight of the end product plays a significant role in the fuel consumption and
thus a reduction in the mass is necessary. Weight reduction without any changes to the
functionality or safety of the end product can be realized, either by replacing heavier
materials with lighter materials (i.e., steel with composite materials) [10–12].

Moreover, composite materials give the following advantages over steel to both the
aerospace industry and the automotive industry [13]:

â Substantial weight reduction: Composites are typically 30–40% lighter than steel parts
of equal strength.

â Unrivaled corrosion resistance: Composites are superior in corrosion resistance for
any transportation application.

â Lowered manufacturing complexity: Finished assemblies with fewer parts cut manu-
facturing costs and often accelerate design completion and model introduction.

â Reduced tooling cost: Tooling for composite parts can be as much as 80% less than
comparable metal parts.

â Unparalleled damage resistance: Composites’ dent and ding resistance is far superior
to that of steel.

â Improved design flexibility: Unlike metals, composites offer a limitless “depth-of-
draw” range.

â Cost-effective solutions: Lower composite investment costs satisfy automakers’ trends
toward reduced builds per model.

â Comparable aesthetics: Toughened sheet molded compound (SMC) resin provides
“first-time-through” processing comparable to steel.

2.2. Methods

LCA is an environmental accounting and management technique that considers all
the facets of resource use and environmental releases associated with an industrial product,
material service or a system from the cradle to the grave (Figure 1) [14]. Specifically, it is
a holistic and comprehensive method for assessing all direct and indirect environmental
impacts across the full life cycle of a product, a system that covers a range of activities,
from raw materials acquisition, the production through the use, and final disposition of a
product (disposal or reuse).
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It is worth mentioning that LCA is a well-defined and standardized methodology
according to the ISO norms 14044 [15] and 14044:2006+A1 [16], and the International Life
Cycle Data Handbook [17]. The ILCD Handbook further specifies the provisions of ISO 14044
standards on environmental life cycle assessment. The ILCD system is a collection of publi-
cations, documents and tools supporting LCA and LCI high-quality datasets development,
publication and sharing.

According to the guidelines mentioned above, LCA is carried out in four stages:

· Goal and Scope Definition
· Life Cycle Inventory
· Life Cycle Impact Assessment
· Interpretation of the Results

The stages along with their interactions are depicted in Figure 2.
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LCA analysis was implemented in accordance with the aforementioned principles to
evaluate the ecotoxicological endpoints of steel and CFRPs components manufacturing
and use in aerospace, as well as to simulate the beneficial effect of EoL management
strategies based on data provided by SpaceCarbon project industrial partners and materials
manufacturers in the space sector. In detail, the LCA scenarios and the recycling routes
studied and analyzed are described below.

VEGA Launcher Component

LCA has been carried out for a VEGA launcher component (Figure 3) to compare the
production and use phase of the CFRP structure against the conventional stainless steel
structure [18].
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2.3. Life Cycle Inventory and General Assumptions
2.3.1. Analysis of the Life Cycle for Vega Launchers Components Made of Steel versus
Components Made of CFRPs

Analysis of the LCI or life cycle review is one of the main goals of this systematic
investigation. It is a detailed methodology for recording and estimating the consumption of
resources, quantities of waste and emissions flows within and outside the product system
from the time of extraction of the raw materials to their recovery and recovery of energy.
Initially, in a production process, to achieve quantification of materials and energy flows,
quantitative data and qualitative inputs, collection of inputs and outputs related to the
operation or products generated by the process should be collected. The LCI phase, in
other words, the analysis of environmental “interventions” is based on collecting data for
each process of a product system.

Data collection to quantify relevant inputs and outputs has been performed for each life
cycle scenario related either to the manufacturing process of end products made of CFRPs
or the other conventional materials. The processes parameters (i.e., materials, energy flows,
chemicals, emissions, and wastes) associated with the launchers production and use and
general LCA data relied on the reputable life cycle inventory of the SimaPro professional
database, Ecoinvent. In order to fill in any missing data about the establishment of a
comprehensive life cycle model covering all product aspects, data was collected based
on the best available literature data to carry out and fully document the LCA studies.
The energy consumption in the production phase of the VEGA Launcher with CFRP
was provided by industrial component manufacturer AVIO and was set to be equal to
10,000 kWh.

Specifically, the Ecoinvent database is used for many life cycle assessment projects,
eco-design, and product environmental information. Since 2003, the Ecoinvent database has
enabled companies to manufacture their products in greater harmony with the environment,
policymakers to implement new policies, and consumers to adopt more environmentally
friendly behavior. The Ecoinvent LCI data can be used for life cycle assessment, life cycle
management, carbon footprint assessment, water footprint assessment, environmental
performance monitoring, product design and eco-design (DfE) or Environmental Product
Declarations (EPD).

In order to carry out the LCA study of the VEGA launcher component, the following
assumptions were made:

Assumptions for VEGA LAUNCHER Component with CFRP Assumptions for Hypothetical VEGA LAUNCHER with
Stainless Steel

• Mass of CFRP: 4000 kg
• Lifetime of use: 700,000 km total distance travelled
• 359.8 kg helium
• 124.6 kg hydrazine
• 581 kg nitrogen

Mass of stainless steel: 13,000 kg
Energy consumption: 274,444.4 kWh
Lifetime of use: 700,000 km total distance travelled
1169.7 kg helium
406.7 kg hydrazine
1888.6 kg nitrogen

For the EoL treatment, disposal and recycling processes are applied in order to min-
imize the environmental impact of the production and use phases. Realistic scenarios
are considered regarding both the recycling rate and the amount of landfilled materials.
Additionally, the impacts associated with material recovery and disposal processes are
allocated to the end-product life cycle [18].

2.3.2. Waste Management Routes

Six potential waste treatment routes for CFRP were considered to reduce the impact
connected to the LCA analysis of the production phase: landfill, incineration, mechanical,
pyrolysis, fluidized bed, and chemical recycling processes (Figure 4) [1]. The values are
determined from the literature review. Functional Unit (FU) is 1 kg of CFRP, in this case
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referring to waste treated from manufacturing scrap or EoL waste from the Vega Launcher
product to compare waste management options. FU is the quantified performance of a
product system for use as a reference unit (ISO 14040). The choice of FU influences an LCA’s
results and care is needed when comparing the results of LCAs with different functional
units. The motivation for selecting 1 kg of CFRPs as an FU is due to the scalability, thus
providing a usable output for comparing different scenarios, where the component (or any
other type of waste of CFRP) is to be recycled and the profile of ecotoxicological behavior
is unknown. It is important to note that even if the FU is defined as 1 kg of CFRP, the
total mass of the component is imported to the LCA software as an input. Thus, after
normalization, the results referring to this FU were grouped and weighted in four areas of
influence: human health, ecosystem quality, climate change and resources, and presented
in environmental points (Pt), providing indicators that can be compared in future studies
and alternative recycling routes, granted that the functional unit used is 1 kg of CFRP.
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3. Results
3.1. Case Study: VEGA Launcher Component Made of CFRP or Stainless Steel
3.1.1. Production Phase

LCA has been carried out for a VEGA launcher component to compare the production
and use phases of the CFRP structure against the conventional stainless steel.

The conclusion that emerges by studying the previous LCA charts (Figures 5 and 6),
for midpoint and endpoint categories is that the production phase of a VEGA LAUNCHER
component with CFRP is presented as more environmentally harmful in three endpoint
categories. This burden is due to (a) higher energy demand in CF production, (b) the
use of epoxy, (c) higher emissions in the production phase, (d) the petrochemical origin
of the CF precursor. As shown in Figure 6, the unit of measurement of environmental
impact into endpoint categories is the Pt. The value of 1 Pt (eco-point) is representative for
one thousand of the annual environmental load of one average European inhabitant. It is
calculated by dividing the total environmental load in Europe by the number of inhabitants
and multiplying it by 1000.
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3.1.2. Use Phase

The assessment demonstrates that the CFRP compound results in a notably decreasing
environmental impact in all environmental end points. The environmental burden results
from the consumption of jet-fuel in the use phase associated with combustion emissions
and environmental issues from fuel production. Further weight reduction by implementing
CFRPs components in airplane structure will be beneficial since less weight means less
fuel consumption and reducing CO2 emissions and other harmful gas emissions for the
environment (SOx, NOx). Although the use phase was favorable to CFRP usage, the worse
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environmental performance in the production phase is dominant and cannot be neglected
(Figure 7).
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3.1.3. Overall Assessment of Space Components Life Cycle

From the overall comparison of the production and use phases for the VEGA launcher
component made by stainless steel or CFRPs (Figure 8), it was concluded that the VEGA
launcher component made of CFRP had the higher environmental burden due to the high
energy demand in the CFs production. The redesign and improvement of the process can be
achieved with a focus on green technology and emphasis on propellant alternatives. It will
also be beneficial for a better environmental profile. Other factors such as design criteria
may support CFRP usage as a component in the Vega Launcher such as ratio-of-fatigue
limit-to-density.
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3.2. Case Study: Waste Management Routes for CFRP-Based Space Components

Six potential waste treatment routes for CFRP were considered. Specifically, land-
fill, incineration, mechanical, pyrolysis, FB, and chemical recycling processes [1]. The
FU defined for the processes analysis is one kilogram of CFRP waste treated from man-
ufacturing scrap or end of life waste from the Vega Launcher product to compare waste
management options.

The production and use of CFRP prior to EoL is identical regardless of the waste
treatment route selected, thus it is not included in the model. The boundary of our study
assumes the availability of CFRP waste as a feedstock without any prior associated or allo-
cated environmental burdens. Below is a schematic representation of the waste treatment
routes considered in this study and the final products of each process that can be recycled
and re-used. In order to complete the full life cycle model, any missing data were collected
from the process model based on the best available literature data.

3.2.1. Recycling Route: Landfill

The disposition of waste CFRP in landfill is assumed to occur in a sanitary landfilling
site which is built for the final disposal of solid waste and isolates the waste from the
environment. In the landfill process, shredding pre-treatment (cutting) is needed to reduce
the size of CFRP waste into scraps. Impacts associated with CFRP landfilling are assessed
based on the Ecoinvent inert material landfill dataset. After burying waste CFRP scrap is
assumed to emit no further GHG or consume any energy due to the largely inert property
of CFRP waste (Figure 9) [1].
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Upon studying the recycling chart (Figure 10), it can be concluded (as expected) that
there is low environmental burden due to the inert material landfill treatment (mPt). As
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shown in the diagram, the unit of measurement of environmental impact into endpoint
categories is the milli-point (mPt), 1 mPt = 0.001 Pt.
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3.2.2. Recycling Route: Incineration

Incineration of CFRP provides an alternative way to treat the CFRP waste and re-
cover the embodied energy. It has been suggested that CFRP waste can be co-fired with
municipal waste and used as an energy source. The potential for energy production from
CFRP waste is dependent on its energy content and the incinerator’s efficiency. Typically,
CFRP energy content is about 30 MJ/kg but this varies depending on the specific CFRP
composition. Compared to advanced power stations using conventional fuels, waste incin-
eration typically has a lower efficiency than conventional fuels; a 13% electricity generation
efficiency with a combined heat and electricity cogeneration efficiency of 38% is assumed.
Residue material after combustion is collected and transported to disposal in landfill. In the
following flow chart, the green color box presents environmental credits (Figure 11) [1].

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 11 of 22 
 

 

shown in the diagram, the unit of measurement of environmental impact into endpoint 
categories is the milli-point (mPt), 1 mPt = 0.001 Pt.  

 
Figure 10. Results of landfill into endpoint categories. 

3.2.2. Recycling Route: Incineration 
Incineration of CFRP provides an alternative way to treat the CFRP waste and re-

cover the embodied energy. It has been suggested that CFRP waste can be co-fired with 
municipal waste and used as an energy source. The potential for energy production from 
CFRP waste is dependent on its energy content and the incinerator’s efficiency. Typically, 
CFRP energy content is about 30 MJ/kg but this varies depending on the specific CFRP 
composition. Compared to advanced power stations using conventional fuels, waste in-
cineration typically has a lower efficiency than conventional fuels; a 13% electricity gen-
eration efficiency with a combined heat and electricity cogeneration efficiency of 38% is 
assumed. Residue material after combustion is collected and transported to disposal in 
landfill. In the following flow chart, the green color box presents environmental credits 
(Figure 11) [1].  

 
Figure 11. Flow diagram of incineration process. 

In this recycling scenario, incineration shows similar environmental behavior (mag-
nitude of 10 mPt) to the landfill process due to the recycling credit of heat and electricity 
produced as shown in the previous flow diagram (Figure 12). 

Figure 11. Flow diagram of incineration process.

In this recycling scenario, incineration shows similar environmental behavior (mag-
nitude of 10 mPt) to the landfill process due to the recycling credit of heat and electricity
produced as shown in the previous flow diagram (Figure 12).

3.2.3. Recycling Route: Mechanical Recycling

Among various recycling methods, the most mature technology is mechanical recy-
cling. It is currently used on a limited industrial scale to recycle waste composites, especially
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glass-fiber reinforced plastic. After an initial size reduction, the material is ground in a
hammer mill and graded into different lengths through sieving. Using mechanical recy-
cling, CFRP wastes can be reduced to two useful fractions: fine powder and fine recovered
CF (rCF) fraction. Moreover, mechanical recycling products are commonly used as fillers in
lower value materials, such as bulk or sheet molding compounds to replace glass fiber. The
resulting materials have poor mechanical properties compared to virgin CFRP (vCFRP) ma-
terials and so are not suitable for light-weighting or high modulus/strength applications [2].
The following diagram presents and analyzes mechanical recycling coupled with landfill
(Figures 13 and 14) or incineration (Figure 15) (available routes for the remaining material).
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Figure 13. Flow diagram of mechanical recycling with landfill.

The coarse fraction (epoxy matrix and unremoved CFs) of the CFRP waste is delivered
to the landfill facility.

In this recycling scenario, incineration shows similar environmental behavior (mag-
nitude of 10 mPt) to the landfill process due to the recycling credit of heat and electricity
produced as shown in the previous flow diagram (Figure 14).
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3.2.4. Recycling Route: Mechanical Recycling with Incineration

The coarse fraction (epoxy matrix and unremoved CFs) of the CFRP waste is delivered
to the incineration facility.

Environmental credit is shown due to the recovery of CFs (Figure 16). Environmental
burden originates from energy requirements for mechanical recycling and the energy-
intensive process of the CFRP.

3.2.5. Recycling Route: Chemical Recycling

The chemical recycling process utilizes a liquid solvent (such as water, acid, and
alcohol) to break down polymer resin and separate them from CF (Figure 17). Precisely, the
recycling process can recover high-quality CF with only about 1.1% tensile strength loss and
recover a polymeric matrix as an organic compound with a solvent method in nitric acid
solution as reported (it is assumed to replace virgin epoxy resin). The rCF is normally semi-
long or long rCF with low contamination [5]. However, the decomposition temperature
and nitric acid concentration have an impact on the mechanical properties. After chemical
separation, most of the resin content could be removed at a high temperature and after a
long processing time. Due to this, there may be no requirement for an additional oxidizing
surface treatment (used to remove the char resulted from oxidation of resin). The chemical
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recycling technique is feasible, but processing temperature, time, solvents, and equipment
negatively affects the environment. Process energy source types (electricity/gas), process
efficiency, and the recovery of non-energy inputs due to plant operation scales can affect
the environmental and thus cause uncertainty regarding results [2,21].

Figure 16. Results of Mechanical recycling with incineration into Endpoint categories.
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The chart presented below (Figure 18) shows that there is an environmental benefit due
to the recovery of CFs. This is a significant benefit due to increased CF recovery compared
to mechanical recycling. Environmental burden originates from energy requirements, use
of chemicals and the energy-intensive process of the CFRP.
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3.2.6. Recycling Route: Pyrolysis Recycling

Pyrolysis is the thermal decomposition of polymers without oxygen or in a controlled
flow of oxygen at high temperatures between 300 ◦C and 800 ◦C, enabling the recovery of
long fibers with high modulus. Specially, an elevated temperature of 1000 ◦C can be applied
but it will result in a significant degradation of mechanical properties of the fiber products.
Due to the significant impact of temperature and residence time on the final quality of the
rCF, the two factors must be controlled strictly in the pyrolysis reactor (Figure 19) [19,22].
As a thermal method, the shredding preparation of CFRP wastes before being fed into
the pyrolysis recycling plant is required. The pyrolysis process uses external heat to allow
for the recovery of fibers with a minimum reduction in their properties. This can then be
used in the composite manufacture industries as rCF. Studies have shown that rCF from
pyrolysis could maintain 90% or more of the original mechanical performances. In addition,
the polymeric matrix can potentially be recycled as an oil phase of liquid hydrocarbons
(Figure 19) [22].
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Again, as in the previous analysis, there is also environmental credit due to the
recovery of CFs (Figure 20). Specifically, in this case, the study identified a larger benefit
extent due to increased CF recovery, compared to mechanical recycling. Environmental
burden originates from energy requirements and the energy-intensive process of the CFRP.
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3.2.7. Recycling Route: Fluidized Bed Recycling

The FB recycling process requires a shredding process (cutting) before feeding CFRP
wastes into the FB reactor. The silica sand bed is used to volatilize the shredded scrap
material and thus to decompose the epoxy resin and release the fibers. The fluidizing air
is able to elutriate the released fibers for about 20 min, but degraded material remains in
the bed. The operating temperature of 450 ◦C to 550 ◦C of the FB reaction is chosen to
be sufficient to cause the polymer to decompose, leaving clean fibers, but not too high to
degrade the fiber properties substantially. The fibers can then be removed from the gas
stream by a cyclone or other gas-solid separation device and collected (Figure 21) [20].
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Study of the last waste management routes chart (Figure 22) reveals benefit to the
environment due to the recovery of CFs (larger benefit extent due to increased CF recov-
ery compared to mechanical recycling). Environmental burden originates from energy
requirements, emissions (CO2, NO2) and the energy-intensive process of the CFRP.
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A comparison of the impacts at end point categories (Figure 23) shows that the
pyrolysis, FB and chemical recycling processes perform better due to the energy recovery,
heat and electricity co-generation. This is also due to the greater extent of recovery of a
possible reused-product with a high content of embodied energy, compared to mechanical
recycling routes.
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The last analysis, the comparison of routes with CF recovery (Figure 24), revealed that
pyrolysis, FB, and chemical recycling processes perform better compared to mechanical
recycling routes due to the additional recovery of materials along with energy.

4. Discussion

LCA is a helpful tool to evaluate the green benefits of the proposed approach as it
evaluates the energy and material flow across the life cycle from raw materials extraction
to the EoL phase of products, processes or services. It also quantifies the environmental
impacts associated with the different disposal scenarios and the definition of robust waste
management strategies. The goal of waste treatment policy within the EU is to minimize
the impacts of waste on the environment and preserve resources. Recycling is prioritized
unless other forms of waste treatment, such as landfill and incineration, prove to be
more environmentally appropriate. For composites, impact evaluations through the LCA
method of different EoL scenarios have pointed out that recycling is the best option from
an environmental point of view. The EU circular economy strategy targets sustainable
products in the market to minimize waste, while the EU sets a clear vision for climate
neutrality: viable waste management solutions need to be defined for composites [23].

The goal of the current work is to evaluate through the LCA the impact of launchers
consisting of CFRPs in comparison with the other conventional technologies for space, such
as stainless steel space vehicle components on the ecosystem, human health, resources and
climate change. This research was conducted to assess the entire life cycle of the launcher in
order to consider the results of the weight-downsizing of end products, the environmental
footprint, and the energy consumption needed for manufacturing technologies. In this
way, the aspects of the end-product life cycle that have the most significant contribution to
its overall impact can be identified. Specifically, the functional unit (FU) for the study is a
VEGA Launcher made of CFRPs or stainless steel with a total life mileage of 700,000 km.
LCA based on ISO 14040-14043 will determine the environmental impacts of products,
processes or services from production to disposal [23].

Concretely, in the framework of this study, the LCA was performed in regard to the
production phase, the use phase, and the EoL phase of a VEGA launcher component.
Moreover, a comparison of the LCA production and use phases, as well as a comparison of
all waste management routes was performed. Finally, the EoL comparison concerns the
recycling routes for new CFRP solutions for space, including the CFs recovery.
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The necessity of developing more eco-friendly processes is a problem affecting the
composites sector. CFRP has become a popular material for many industries based princi-
pally on its potential for weight savings over conventional materials and the improvement
of the ecological profile of service life during the use phase. For this reason, assessment of
the environmental impacts and waste management of composites is necessary in order to
create awareness and convey engineers’ choices to more sustainable processes. The recy-
cling of composites plays and will play an increasingly vital role in the future for sectors
such as the aerospace, automotive, construction and marine sectors. Some conclusions
were reached regarding a VEGA launcher component that consists of CFRP or stainless
steel, as well as LCA of the production and use phases, and the comparison between them.

First, the ecotoxicological endpoints of the production phase of CFRP versus stainless
steel was comparatively more intensive in three end point categories, human health, climate
change and resources. This is connected to a higher energy demand in CF production, the
use of epoxy resin, higher emissions in the production phase and the petrochemical origin
of the CF precursor. In the use phase, LCA analysis demonstrates a notably decreasing
environmental impact for CFRPs instead of stainless steel. Moreover, weight reduction
directly leads to fuel savings and the reduction of CO2 emissions and other harmful gas
emissions (SOx, NOx). Although the use phase was favorable to CFRP usage, the worst
environmental performance in the production phase cannot be overlooked [3]. In the case
of the Vega launcher, the component replacement by CFRPs could not realize the benefits
in the use phase, because the Vega launcher demonstrates a certain amount of maximum
distance covered (700,000 km) and to this day, the Vega launcher makes a single trip. As
soon as the modern objectives of precise redirection and the landing of Vega launchers
enables the use of the same Vega launcher multiple times for space missions, the real
environmental benefits of using the CFRP technology will become evident.

Moreover, great potential for environmental improvement exists when using LCA
within the design stage of any product or process. Specifically, about 80% of environmental
effects associated with a product are identified in the design phase of development. In this
way, via a redesign of the process and LCA analysis, the substances and materials (solvents,
gases) that cause the highest environmental burdens can be identified and limited or even
replaced by other substances and materials that are identical in their composition and
properties. Further, manufacturing decision-making can be supported and optimized in
this regard.

In general, LCA analysis indicates that CFRPs are energy intensive materials. There-
fore, CFRPs are ideal candidates for recycling. The establishment of recycling strategies by
design was efficiently supported by the LCA analysis of potential recycling routes which
can have a measurable effect on the production phase’s environmental footprint, and result
in an overall preferable usage of CFRP components over steel components. Since it is a
currently evolving field and recycling technologies are still maturing, what is also required
for the future of CF re-use is the establishment of proper management strategies to reclaim
continuous CFs without any actual cost on their mechanical properties [24]. Another
fact that is worth mentioning is that current metal-based technologies have realized the
respective waste management strategies. This is obvious, since the available LCA libraries
contain a vast amount of data about the recycling of metal-based structures. However,
information regarding CFs and their composites is either missing or not available to access
due to confidentiality concerns. In this work, LCA investigation shed light on this field,
which is important for the LCA analysis itself while the scientific community continues
to move towards the development of technologies for the efficient waste management
of CFRPs.

Following this, the goal of waste treatment policy within the EU is to minimize the
impacts of waste on the environment and preserve resources. Recycling is prioritized
unless other forms of waste treatment, such as landfill and incineration, can be shown to be
more environmentally appropriate. For composites, impact evaluations through the LCA
method of different EoL scenarios have pointed out that recycling is the best option from an
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environmental point of view. Further, the EU circular economy strategy targets sustainable
products in the market to minimize waste, while the EU sets a clear vision for climate
neutrality. Viable waste management solutions need to be defined for composites [1].

5. Conclusions

It is apparent that emerging research efforts should concentrate on recycling tech-
nologies that can reclaim high quality constituents and then remanufacture them into
high performance materials, ideally with the goal of providing virgin CFRP performance
equivalency. This is also the case for the space sector, where for the studied case of a VEGA
launcher a huge amount of CFRPs is used to replace metal components. Data documen-
tation is also emerging to enrich inventory and improve comparative life-cycle impacts,
compared to conventional mature technologies, where LCA delivers and optimizes the out-
come as the waste management routes mitigate the intensity of ecotoxicological endpoints.
Beyond that, recycling and reuse should not be limited to only solid materials, but they
could also be utilized in inert gas management, purification, and reuse. Large quantities
of nitrogen and argon are required for the production of CFs, and considering the library
data, these inert gases contribute to a significant extension of the ecological footprint of
CFs production [25]. Changes and adaptation to current manufacturing facilities of CFs
could also be realized by including irradiation and plasma technologies. These changes
can reduce the energy wasted in the manufacturing sector [26]. Irradiation, in contrast
to current conventional furnace technologies, does not waste any energy for heating the
surrounding atmosphere, but directs the energy to the CF itself. Thus, it is possible to
efficiently direct the irradiation energy to the CF intrinsic structure and stereo chemical
transformation and provide high performance fibers for aerospace applications. Currently,
the adoption of these technologies by industry, as well as access to related data, prevents
the realization of the potential impact to establish a quantified approach of this enabling
technology for the green transition of carbon fiber manufacturing.

Moreover, recycling is of great importance because it minimizes impacts in the ma-
jority impacted categories. LCA results gave a view of the environmental advantages
of the recycling process mainly due to material recovery and the potential prospect in
the wide adoption of CFRP composites in aerospace. The main point is that rCFs from
recovery processes only experience minor degradation of mechanical properties and can
be reused in place of vCFs [1]. Further, the environmental benefits via replacement are
primarily achieved by avoiding the production of CF and preserving primary material.
Increasing recycling in the production phase and energy optimization may ameliorate
the environmental performance. CFRPs are produced by energy intensive processes, and
therefore recycling will improve LCA. However, even if there is huge potential to materi-
alize significant environmental benefits through the deployment of CFRP technologies in
space, without appropriate remanufacturing technologies able to deliver high performance
recycled material, the maximum emission reductions and financial savings from multiple
use phases may not be attained [2].

Author Contributions: Conceptualization, V.S. and G.K.; methodology, V.S. and G.K.; software, G.K.;
validation, V.S. and G.K.; formal analysis, V.S. and G.K.; investigation, V.S. and G.K.; resources,
C.A.C.; data curation, V.S. and G.K.; writing—original draft preparation, C.A.C., V.S. and G.K.;
writing—review and editing, C.A.C., V.S. and G.K.; visualization, C.A.C., V.S. and G.K.; supervision,
C.A.C. and G.K.; project administration, C.A.C. and G.K.; funding acquisition, C.A.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Horizon 2020 Project “SpaceCarbon—European Carbon
Fibers and Pre-Impregnated Materials for Space Applications” (GA No. 776391).

Informed Consent Statement: Not applicable.



J. Compos. Sci. 2022, 6, 144 21 of 22

Acknowledgments: The work within and colleagues of the SpaceCarbon project (https://spacecarbon-
project.eu/—access date: 12 May 2022) are kindly acknowledged, together with special thanks to
Industrial partners SGL Composites S.A. and AVIO S.P.A. for kindly providing data for the Life
Cycle Assessment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Witik, R.A.; Teuscher, R.; Michaud, V.; Ludwig, C.; Månson, J.-A.E. Carbon fibre reinforced composite waste: An environmental

assessment of recycling, energy recovery and landfilling. Compos. Part A Appl. Sci. Manuf. 2013, 49, 89–99. [CrossRef]
2. Yang, Y.; Boom, R.; Irion, B.; van Heerden, D.-J.; Kuiper, P.; de Wit, H. Recycling of composite materials. Chem. Eng. Process.

Process Intensif. 2012, 51, 53–68. [CrossRef]
3. Poulikidou, S.; Schneider, C.; Björklund, A.; Kazemahvazi, S.; Wennhage, P.; Zenkert, D. A material selection approach to evaluate

material substitution for minimizing the life cycle environmental impact of vehicles. Mater. Des. 2015, 83, 704–712. [CrossRef]
4. Vieira, D.R.; Vieira, R.K.; Chang Chain, M. Strategy and management for the recycling of carbon fiber-reinforced polymers

(CFRPs) in the aircraft industry: A critical review. Int. J. Sustain. Dev. World Ecol. 2016, 24, 214–223. [CrossRef]
5. La Rosa, A.D.; Banatao, D.R.; Pastine, S.J.; Latteri, A.; Cicala, G. Recycling treatment of carbon fibre/epoxy composites: Materials

recovery and characterization and environmental impacts through life cycle assessment. Compos. Part B Eng. 2016, 104, 17–25.
[CrossRef]

6. Kim, H.C.; Wallington, T.J. Life-cycle energy and greenhouse gas emission benefits of lightweighting in automobiles: Review and
harmonization. Environ. Sci. Technol. 2013, 47, 6089–6097. [CrossRef]

7. Amos, J. Vega Launcher Makes First Flight. Available online: https://www.bbc.com/news/science-environment-16956324
(accessed on 28 February 2022).

8. Jolliet, O.; Margni, M.; Charles, R.; Humbert, S.; Payet, J.; Rebitzer, G.; Rosenbaum, R. IMPACT 2002+: A new life cycle impact
assessment methodology. Int. J. Life Cycle Assess. 2003, 8, 324–330. [CrossRef]

9. Xiarchos, I.; Morozinis, A.K.; Charitidis, C. Life cycle assessment and possible impacts of CFRPs for space applications. MATEC
Web Conf. 2019, 304, 07006. [CrossRef]

10. Pero, F.D.; Delogu, M.; Pierini, M. Life Cycle Assessment in the automotive sector: A comparative case study of Internal
Combustion Engine (ICE) and electric car. Procedia Struct. Integr. 2018, 12, 521–537. [CrossRef]

11. Witik, R.A.; Payet, J.; Michaud, V.; Ludwig, C.; Månson, J.-A.E. Assessing the life cycle costs and environmental performance of
lightweight materials in automobile applications. Compos. Part A Appl. Sci. Manuf. 2011, 42, 1694–1709. [CrossRef]

12. Dér, A.; Kaluza, A.; Kurle, D.; Herrmann, C.; Kara, S.; Varley, R. Life Cycle Engineering of Carbon Fibres for Lightweight
Structures. Procedia CIRP 2018, 69, 43–48. [CrossRef]

13. Bachmann, J.; Hidalgo, C.; Bricout, S. Environmental analysis of innovative sustainable composites with potential use in aviation
sector—A life cycle assessment review. Sci. China Technol. Sci. 2017, 60, 1301–1317. [CrossRef]

14. Brusseau, M.L. Sustainable Development and Other Solutions to Pollution and Global Change. In Environmental and Pollution
science; Academic Press: Cambridge, MA, USA, 2019; pp. 585–603.

15. ISO14044; Environmental Management-Life Cycle Assessment-Requirements and Guidelines (ISO 14044). ISO, The International
Organization for Standardization: Geneva, Switzerland, 2006.

16. ISO14044:2006+A1; Environmental Management. Life Cycle Assessment. Requirements and Guidelines. ISO, The International
Organization for Standardization: Geneva, Switzerland, 2006.

17. ILCD Handbook: General Guide for Life Cycle Assessment—Detailed Guidance; Publications Office of the European Union:
Luxembourg, 2010.

18. Zhong, Y.; Liu, D.; Wang, C. Research Progress of Key Technologies for Typical Reusable Launcher Vehicles. IOP Conf. Ser. Mater.
Sci. Eng. 2018, 449, 012008. [CrossRef]

19. Asmatulu, E.; Twomey, J.; Overcash, M. Recycling of fiber-reinforced composites and direct structural composite recycling
concept. J. Compos. Mater. 2013, 48, 593–608. [CrossRef]

20. Meng, F.; McKechnie, J.; Turner, T.A.; Pickering, S.J. Energy and environmental assessment and reuse of fluidised bed recycled
carbon fibres. Compos. Part A Appl. Sci. Manuf. 2017, 100, 206–214. [CrossRef]

21. Henshaw, J.M.; Han, W.; Owens, A.D. An Overview of Recycling Issues for Composite Materials. J. Thermoplast. Compos. Mater.
2016, 9, 4–20. [CrossRef]

22. Rybicka, J.; Tiwari, A.; Leeke, G.A. Technology readiness level assessment of composites recycling technologies. J. Clean. Prod.
2016, 112, 1001–1012. [CrossRef]

23. Timmis, A.J.; Hodzic, A.; Koh, L.; Bonner, M.; Soutis, C.; Schäfer, A.W.; Dray, L. Environmental impact assessment of aviation
emission reduction through the implementation of composite materials. Int. J. Life Cycle Assess. 2014, 20, 233–243. [CrossRef]

24. Forcellese, A.; Marconi, M.; Simoncini, M.; Vita, A. Life cycle impact assessment of different manufacturing technologies for
automotive CFRP components. J. Clean. Prod. 2020, 271, 122677. [CrossRef]

https://spacecarbon-project.eu/
https://spacecarbon-project.eu/
http://doi.org/10.1016/j.compositesa.2013.02.009
http://doi.org/10.1016/j.cep.2011.09.007
http://doi.org/10.1016/j.matdes.2015.06.079
http://doi.org/10.1080/13504509.2016.1204371
http://doi.org/10.1016/j.compositesb.2016.08.015
http://doi.org/10.1021/es3042115
https://www.bbc.com/news/science-environment-16956324
http://doi.org/10.1007/BF02978505
http://doi.org/10.1051/matecconf/201930407006
http://doi.org/10.1016/j.prostr.2018.11.066
http://doi.org/10.1016/j.compositesa.2011.07.024
http://doi.org/10.1016/j.procir.2017.11.007
http://doi.org/10.1007/s11431-016-9094-y
http://doi.org/10.1088/1757-899X/449/1/012008
http://doi.org/10.1177/0021998313476325
http://doi.org/10.1016/j.compositesa.2017.05.008
http://doi.org/10.1177/089270579600900102
http://doi.org/10.1016/j.jclepro.2015.08.104
http://doi.org/10.1007/s11367-014-0824-0
http://doi.org/10.1016/j.jclepro.2020.122677


J. Compos. Sci. 2022, 6, 144 22 of 22

25. Giorgini, L.; Benelli, T.; Brancolini, G.; Mazzocchetti, L. Recycling of carbon fiber reinforced composite waste to close their life
cycle in a cradle-to-cradle approach. Curr. Opin. Green Sustain. Chem. 2020, 26, 100368. [CrossRef]

26. Soulis, S.; Konstantopoulos, G.; Koumoulos, E.; Charitidis, C. Impact of Alternative Stabilization Strategies for the Production of
PAN-Based Carbon Fibers with High Performance. Fibers 2020, 8, 33. [CrossRef]

http://doi.org/10.1016/j.cogsc.2020.100368
http://doi.org/10.3390/fib8060033

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Life Cycle Inventory and General Assumptions 
	Analysis of the Life Cycle for Vega Launchers Components Made of Steel versus Components Made of CFRPs 
	Waste Management Routes 


	Results 
	Case Study: VEGA Launcher Component Made of CFRP or Stainless Steel 
	Production Phase 
	Use Phase 
	Overall Assessment of Space Components Life Cycle 

	Case Study: Waste Management Routes for CFRP-Based Space Components 
	Recycling Route: Landfill 
	Recycling Route: Incineration 
	Recycling Route: Mechanical Recycling 
	Recycling Route: Mechanical Recycling with Incineration 
	Recycling Route: Chemical Recycling 
	Recycling Route: Pyrolysis Recycling 
	Recycling Route: Fluidized Bed Recycling 
	Overall Comparison of Recycling Routes 


	Discussion 
	Conclusions 
	References

