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Abstract: The paper presents a review of End-of-Life scenarios (EoL) (disposal, incineration, chemical,
thermal and mechanical recycling) compared to the production stage of Fibre-Reinforced Polymers
(FRPs) of composites regarding global warming potential. Innovative FRP manufacturing tech-
nologies (vacuum infusion, ultraviolet curved pultrusion, hot stamping, three-dimensional printing
and automatic tape placement) commonly used in the shipbuilding industry were environmentally
assessed. The materials, energy flows and waste discharged to the environment over the whole life
cycle were collected, identified and quantified based on Life Cycle Assessment (LCA) analysis in the
frame of the Fibre4Yards project. The results of LCA calculations show that waste management (the
EoL scenario) contributes 5 to 39% of the total carbon footprint for FRP technologies. The highest
contribution of the EoL scenario was found for technologies where polypropylene was applied,
ie., 33 and 38% of the total CO, emissions. Our analysis of the literature and information from
industrial partners confirm that the standard and most common waste scenario for FRP materials
and compounds is still incineration and landfilling.
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include landfilling, incineration or recycling. Landfilling is still a predominant strategy
to process solid waste in the EoL phase [5] due to economic advantages, costs and low
technical requirements [6]. However, considering the environmental impact and human
health [7-9], landfilling is the least preferable option across the European Union Waste Hi-
erarchy [10] and should be limited to the necessary minimum. Landfilling poses significant
environmental risks, including ground and surface water contamination, often despite the
implementation of technical measures, e.g., bottom sealing. However, even though the
total amount of waste generated is constantly increasing, a decline in the landfilling rate
(from 23% to 16%) was observed between 2010 and 2020 in the EU-27 (27 member countries
in the European Union). Incineration is another open-loop EoL scenario that involves
burning waste materials to reduce their volume by more than 90% and recover energy [11].
Unfortunately, both landfilling and incineration are considered the least favourable EoL
options and can result in resource loss [12]. Therefore, the EU’s long-term goal is to move
towards a circular economy. This avoids waste generation and uses unavoidable waste as
resources wherever possible. Closed-loop EoL strategies aim to maximize reuse by keeping
materials and products within the economic system through continuous reuse, recycling
and remanufacturing [4].

Nowadays, LCA analysis is widely used in the early design stage of products [13]
and helps make decisions regarding the redesign or replacement of materials to minimize
the environmental load of a product’s life and future EoL stage [14]. The International
Maritime Organization (IMO) has established several regulations and initiatives aimed
at reducing greenhouse gas (GHG) emissions from shipping through energy-saving and
cost-effective material technology. IMO regulations represent a comprehensive approach to
providing safety and mitigating the environmental impact of the marine sector through
the influence of the design, architecture, operation and disposal of ships. Possible ways to
reduce the costs and environmental load of marine technologies are process automation
and the use of lightweight materials. Therefore, in the maritime industry, there is a need
for lightweight materials that ensure durability and high efficiency, which explains the
demand for technologies using composite materials [15].

Fibre-Reinforced Polymers (FRPs) are composite materials made up of strong fibres
embedded in a resin matrix. Carbon fibres (CF) and glass fibres (GF) have been attracting
continuously growing attention in the marine field due to their unique properties like
lightweight, high mechanical properties and elevated durability in salt and corrosive
marine environments [16]. The contemporary marine industry is moving toward the
use of FRP materials. Their frequent use raises concerns about the environment and
waste disposal.

Both CF and GF are very energy-expensive. According to data published by Song
et al. [17], the amount of energy required for the production of CF is 183-286 MJ/kg,
while embodied energy for GF is almost 13-32 M]/kg. The researchers suggested that
the energy demand for the production of recycled FRP is considerably less than for virgin
resources [18]. In addition, legislation on disposal to landfills such as the European Union
directive 2008/98/EC has highlighted the need to develop and incorporate recycling
technologies for composite materials [10]. Unfortunately, the most popular management of
EoL composites is still landfilling and incineration [19,20]. This approach leads to significant
losses of high-value materials, which does not aid in the scarcity of natural resources.
Regrettably, the resulting pattern in composite materials requires the incorporation of
circular economy principles, i.e., recycle, reuse, reduce, etc.

1.1. FRP Technologies in Fibre4Yards Project

From the framework of the Fibre4Yards project (Horizon 2020 founding programme) [21],
we considered various progressive and highly automated FRP production technologies for
the shipyard industry (adaptive moulds, Automatic Tape (Fibre) Placement (ATP/AFP),
three-dimensional (3D) printing, curved pultrusion profiles, hot stamping, innovative com-
posite connection). The environmental loads of particular technologies were evaluated and
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published by Ziemiriska-Stolarska et al. [3]. The results of LCA calculations proved that the
largest environmental impact was caused by the materials used in technological processes
(cradle-to-gate approach), with values of 80 to 95%. The typical materials used in FRP
technologies were sorted from highest to lowest global warming potential (GWP) impacts
as follows: carbon fibre, polyurethane foam, epoxy resin, fibreglass and polypropylene.

Our previous research shows that the carbon footprint of the system can be reduced
with the recycling and recovery of materials, which can improve sustainable develop-
ment [22]. The aim of this study was to determine EoL scenarios for the materials and
compounds used in Fibre4Yards technologies based on a literature survey (primary data)
and in cooperation with industrial partners (secondary data). The technologies targeted by
the Fibre4Yards project focused on the following:

- Hot stamping, employed by INEGI (Institute of Science and Innovation in Mechanical
and Industrial Engineering, Porto, Portugal); thermoplastic composite sheets are hot
stamped into a mould to give them the appropriate shape; the first step is prepreg
uncoiling via the automatic taper lay-up (ATL) process and spot welding; next, the
blank is moved the die to be 2D shape formed via the application of heat and pressure
in a flat plate hot-press; after this, the previously melted component is heated by IR
and pressed into a 3D shape.

- The UV curved pultrusion process (Robtrusion®), proposed by the IRURENA Group
(Azpeitia, Spain); UV curing of pultruded profiles enables the production of profiles
with a curved longitudinal axis using a robotic pulling system; initially, the fibres are
strengthened by bathing in resin; the impregnated reinforcements are pulled into the
mould, which is only used to shape the profile cross-section; the profile is hardened
with UV radiation and shaped using a robot arm that grabs the profile and pulls it
in accordance with the specific geometry required for the profile; the last step is to
manually cut the profile.

- 3D printing(IRURENA Group (Azpeitia, Spain)), reported by 10XL (Rivierdijk, The
Netherlands), specializes in proprietary large-scale hybrid printers; this is a process of
creating three-dimensional objects from a digital file by building objects layer by layer
of material.

- Adaptive mould used by Curve Works (Alphen aan den Rijn, The Netherlands); in this
process, the moulds for composite manufacturing are adjusted to any given geometry;
at first, the structure is divided into panels within a 3D Computer-Aided Design (CAD)
program; the adaptive mould shapes itself automatically to the design according to
the geometry saved in the CAD file.

- Vacuum infusion applied by the NAVAL Group (Nantes, France), whereby a vacuum
is used to draw resin into a dry fibre reinforcement, resulting in a void-free composite
structure; the first step involves fixing the fibres and core material to the mould; next,
the resin feeding line is installed, which includes a vacuum line, valves and a vacuum
bag, which must be properly sealed [3].

The materials, energy flows and waste discharged into the environment during the
whole life cycle were identified and quantified. For LCA calculations, mass/energy were
determined in relation to the functional unit, which was defined as 1 kg of the final product
for each technology. SimaPro version 9.00.49 and Ecoinvent 3.8 databases were used.

It is expected that the incorporation of progressive and automated manufacturing of
processes and materials for the construction of ships will bring many benefits to the marine
sector, e.g., an increase in production and quality indicators, minimization of spare parts
and materials and the capacity to adapt new geometry and solutions to improve the ship’s
performance while reducing its weight [23].

1.2. Recycling Methods of FRP

The matrix topology of FRP materials, like high chemical and thermal stability, makes
them hard to recycle. The majority of the FRP market volume is based on thermoset matri-
ces, typically epoxy resin. Despite their structural advantages, epoxy resin is considered
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non-recyclable or extremely difficult to recycle, requiring an aggressive chemical environ-
ment [24]. It is known that incineration with energy recovery is not the best alternative
to recycling composite materials. It does not reintroduce stock into new products and in-
evitably leads to emissions of hazardous substances. The combustion of GF is not complete
and forms a slag that requires further treatment [25]. The recycling strategies include three
standard methods: chemical, thermal and mechanical as presented in Figure 1.

Pyrolysis: Solvolysis under low temperature or
supercritical conditions:

+ self-sustainability of the process

+ recovery of high-strength fibers
- fibers with char contamination i B g

. sz + monomers can be recovered
- feasible for large quantities

Fluidized bed: =high energydemand

. y - environmental isues
+ less contaminated fibers

- use of toxic solvents
+ recovery of energy

- higher degradation of the fibers

+low environmental impact

Shredding, milling, grinding: - low market value

- decrease in fiber properties

Figure 1. Advantages (+) and disadvantages (—) of thermal, chemical and mechanical recycling
approaches for FRP composites.

1.2.1. Chemical Recycling

Solvolysis is a chemical process used for matrix depolymerization with fibre separation.
The use of solvents, like alcohols, ketones and acids, leads to depolymerization of the
matrix into the basis of monomers, oils and gases. These products can be used to produce
new polymers or as fuel for industrial processes [19]. Chemical recycling requires high
temperatures and pressure with an energy demand of 20-90 MJ/kg. Within chemical
recycling, it is possible to distinguish several kinds based on the type of solvents and
process parameters. In low-temperature solvolysis (below 200 °C, at the atmospheric
pressure), the chemical bonds of the polymer matrix break down under the influence of an
acidic environment or solvents such as water, alcohol, ammonia, nitric acid, sulfuric acid
or acetic acid [26]. Given the low temperature of the process, catalysts and additives are
necessary. On the other hand, supercritical solvolysis takes place at temperatures in the
range of 350450 °C and pressure of 4-27 MPa. In these conditions, the effective diffusion of
fluids occurs on the impregnated fibres, followed by the efficient dissolution of the matrix
and monomer asportation. In this approach, apart from water, different solvents are used
(e.g., methanol, propanol, glycols and acetone). Compared to the low-temperature methods,
solvolysis in a supercritical fluid is more effective and also eliminates toxic solvents [26].

Feraboli et al. [27] used sulfuric acid to recycle carbon fibre-reinforced polymers. The
composite materials were digested at 110 °C with the assistance of hydrogen peroxide,
which accelerated the reaction and oxidized the matrix. The recycled fibres were reuti-
lized to manufacture laminates. The tests showed that both the physical and mechanical
properties of the recycled composite were similar to those of advanced carbon fibre sheet
moulding compounds. A chemical recycling system with nitric acid solutions and a circu-
lating flow reactor has been proposed by Lee et al. [28]. The optimum environments for the
decomposition of the epoxy matrix were defined as 90 °C and a 12 M HNOj concentration
with a linear circulating flow rate of 1.0 cm/s for 6 h. This system provided the effective
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decomposition of the matrix with a 2.91% tensile strength loss of the recycled single carbon
fibre at optimized conditions.

Shetty et al. [29] proposed recycling method of carbon FRP in a subcritical acetic acid
solution. The experiments were carried out in a high-pressure batch reactor where samples
of CFRP were heated to 300 °C for 30 min. The authors proved that the process yields
100% fibre recovery efficiency, and the observed mechanism is a two-step process. The
first one included composite swelling under the solvent treatment, while in the second
step, depolymerization and chemical decomposition of the CFRP took place. In addition,
aromatic and aliphatic compounds were determined in the liquid products of the process,
which could potentially be recovered for reuse. Subcritical water was used by Knight [30]
for the recycling of a carbon fibre composite. The experiment was conducted in a high-
pressure reactor system and KOH was used as the catalyst. The process achieved 99.2%
resin elimination efficiency at a 120 min reaction time. The regenerated fibres retained
the original strength, as demonstrated by a single-filament tensile test. Kim et al. [31]
investigated the supercritical water without any catalyst or oxidant for the recycling of
carbon FRP. The samples were heated in a reactor at 405 °C with an internal pressure of
280 bar. In this way, up to 99.5% of the epoxy resin was removed. Implementing a mixture
of water and acetone at supercritical conditions was proposed by [32]. The authors proved
that mixtures of solvents exposed to 320 °C for 2 h allowed the degradation of up to 98%
resin of carbon FRP. The recycling methods of FRP with supercritical alcohol were also
studied [33-35].

1.2.2. Thermal Recycling

Thermal recycling uses heat to separate the fibres from the resin matrix. It can be
achieved by industrially developed techniques, pyrolysis and fluidized beds. These meth-
ods provide temperatures in the range of 450 °C to 700 °C, which allows CF and GF
recovery from their composites. The selection of the optimal temperature depends on the
type of resin utilized in the composite. High temperatures allow the composite to degrade
but can also damage the fibre phase, which is particularly the case with glass FRP [36].

The pyrolysis process is based on thermal degradation in the absence of oxygen, where
composite materials are heated to high temperatures in a special reactor. Under these con-
ditions, the bond between the matrix and the fibre is broken down. The matrix degradation
produced oily and gaseous products, like CO, CO,, CHy, H; and other hydrocarbons [26].
Gas products are predominantly reused as heating fuels in the recycling process. The
solid products (fibres and fillers) are covered by the char on the surface and a further
post-pyrolysis procedure is needed to obtain clean fibres. The properties of recycled fibres
depend on the process conditions, e.g., heating rate, cap temperature, rate of nitrogen flow
and isothermal dwell time. The optimization of process variables could obtain carbon fibre
with strengths of up to 90% of its virgin counterpart [37]. The main limitations of pyrolysis
are the uncontrolled char formation, emission of toxic gas and high energy demand, esti-
mated to be 20-30 MJ/kg [19]. To avoid these drawbacks, different modifications of the
process were developed, changing atmospheric conditions inside the reactor. The most
commonly used are a vacuum and nitrogen atmosphere or superheated steam [38].

Torres et al. [39] investigated the pyrolysis of fibre glass composites at different temper-
atures (300-700 °C). All experiments were performed in a nitrogen atmosphere for 30 min.
The results showed no meaningful impact of temperatures above 400 °C on the process
yields and compositions of products. Solid residues of 72-82 wt.% were obtained, while
liquid products were a mixture of organic compounds with high calorific values. Nabhil
and Williams [40] used pyrolysis for CF recovery from composite waste. The samples were
pyrolyzed at temperatures of 350-700 °C to obtain solid residues between 70 and 83.6 wt.%.
The carbon fibres recovered from the sample were activated in a steam generator. The
mechanical strength of recycled CF was 90% of that of the original virgin carbon fibres.
Considering the mechanical properties of the recovered fibre, the pyrolysis process is more
suitable for CFRP [38].
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In the fluidised bed process, materials are fed into a fluidised or silica sand bed and
heated by a flow of air stream for matrix thermal degradation. The operating temperature
is in the range of 450-550 °C. The oxygen atmosphere provides very low char surface
contaminations, resulting in clean fibre. The solid products are separated from the gas
stream by a cyclone, while the volatilised polymer passes into a secondary combustion
chamber for heat recovery. Unfortunately, the recovered fibres show a significant reduction
in mechanical properties, mainly due to the oxidation process and sand abrasion [41].
According to Pickering et al. [42], a fluidised bed process was only able to achieve a 67%
fibre yield with strength reductions of 50%. However, efforts are still being made to
minimize the drawbacks of this process [43].

1.2.3. Mechanical Recycling

The mechanical recycling method is the most common process used for EoL thermoset
polymers. This technique involves cutting the FRP composite into smaller fractions by a
mechanical process like milling or grinding. Normally, recyclites have sizes of 50-100 mm,
but in the case of homogeneous composites, it is possible to reduce the size to 10 mm
and even 50 um [38]. The main disadvantage of this process is the significant decrease in
the fibre’s mechanical properties and market value. The recovered fibres contain matrix
residues on the surface, and only short fibres and fillers can be recuperated. However, the
mechanical process is sometimes used as a pre-recycling operation for different methods.
The recyclites are generally used in other products like fillers or reinforcements, but these
applications are not commercially viable due to the presence of cheaper virgin fillers.
However, Mou et al. [44] emphasized the advantages of GF recyclites in the strengthening
of concrete. Industrial applications of this method mainly concern manufacturers of FRP
fibreglass composites [45].

Based on the energy consumption required for composite recycling, the most promis-
ing recycling method is mechanical recycling, which consumes around 0.1-4.8 M]/kg.
The next on the list is microwave pyrolysis with an energy consumption of 5-10 MJ/kg.
The most energy-consuming methods are pyrolysis (24-30 MJ /kg) and chemical recycling
(21-91 MJ /kg) [46].

1.3. End-of-Life for FRP Materials

The production of virgin carbon fibre is a process that requires a great deal of energy,
consuming 183 to 286 MJ per kg of energy, which is approximately 10 times more energy
than that consumed for glass fibre production and approximately 14 times more energy
required for conventional steel production. As a result, the manufacturing of virgin carbon
fibre involves high costs of production (2040 £/kg in the UK [47] and high levels of
greenhouse gas emissions (approximately 31 kg CO, eq. per kg) [48]. Therefore, recovering
carbon fibre from FRP waste could be encouraging to reduce the environmental load and
cost of production [49].

As was discussed in the previous section, diverse techniques such as pyrolysis, solvol-
ysis, mechanical grinding and chemical treatment are feasible for composite recycling;
however, commercial applications of recycled carbon fibres are not popular due to their
lower value compared to virgin fibres. During the recycling process, it is difficult to control
the fibre length and length distribution, and additional problems arise related to the dimin-
ished surface quality and mixture of fibres coming from different sources, which altogether
affect the mechanical properties of the recycled fibres [50].

Since the existing carbon fibre recycling methods are technically immature and the
quality of recycled carbon fibre is significantly lower compared to virgin carbon fibre, a
large part of carbon fibre waste is either landfilled or incinerated. As reported by a carbon
fibre recycling company (Gen 2 Carbon, West Midlands, UK), out of 56,000 tons of carbon
fibre-reinforced plastic waste generated, only 1000 tons are recycled, which accounts for
only 1.7% [51].
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Moreover, legislation in some countries like The Netherlands and The United King-
dom, allows landfilling in the case that the cost of alternative waste disposal routes exceeds
200 Euro per ton. For example, according to Wind Europe, estimations of the cost of
mechanical recycling of wind turbine blades produced from glass fibre are between 500
and 1000 EUR. Thus, the high cost of FRP recycling is another reason why glass- and
carbon-reinforced plastic ends up being landfilled or incinerated rather than recycled [41].

A literature review of disposal methods, which could be applied to carbon and glass
fibre waste, is presented in Table 1.

Table 1. Literature review on disposal method applied for carbon and glass fibre.

Material End-of-Life Scenario Recycling Method Literature
Carbon Fibre

Scenario 1
59% recycling,
41% incineration
Carbon fibre reinforced polymer Scenario 2 Thermal recycling [38]
100% incineration,
Scenario 3
100% landfill

Carbon fibre 100% Incineration n/a [52,53]
Carbon fibre reinforced polymers  100% landfill n/a [52,54]

Scenario 1

100% pyrolysis
Scenario 2

100% incineration,
Scenario 3

100% landfill

Carbon fibre reinforced polymers Pyrolysis [54,55]

Scenario 1
24% recycled and may be used in CF production,

19% recycled and may be used in another application, Mechanical recycling

Carbon fibre reinforced polymers 579 landfilled or incinerated [49,52]
Scenario 2 /
100% incineration, n/a
Scenario 3 n/
100% landfill a
100% pyrolysis with pyrolysis product yield:
Polybenzoxazine resin with S?h; (atcitlr\i)a ’t_/eocigg r;;)n fibres may be used for composite Pyrolysis in a fixed-bed [40,56]
woven carbon fibre procuctio o reactor "
Oil 14-24.6%
Gas 0.7-3.8%
100% pyrolysis with pyrolysis product yield:
Polybenzoxazine resin with Solid (recovered fibres) 58.4-61.5% Thermolysis and [56,57]
carbon fibre 0il 28.5-30.7% gasification o
Gas 10-10.9%
100% pyrolysis with pyrolysis product yield:
]f:;gfe)(y composite with carbon (S)cﬁlldo(_rlegc);:/ered fibres) 65-70% Pyrolysis process [56,58]
Gas 15-20%
Glass Fibre
54% non-hazardous waste to landfill 44% waste sent to
Waste from glass fibre recycling n/a [59]
manufacture 1.7% non-hazardous waste to incineration g
0.4% hazardous waste landfilled
100% pyrolysis with pyrolysis product yield:
Solid (recovered fibres) 65.3-81.7%
Epoxy resin with GF and CF (45%) 8;1515 ;:}S‘Z o
Polypropylene resin with GF ) N Pyrolysis [56,60]

100% pyrolysis with pyrolysis product yield:
Solid (recovered fibres) 78.9%

Oil 20%

Gas 1.1%

tape (75%)
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2. Survey of LCA Methodologies
2.1. Life Cycle Assessment Methodology

Life Cycle Assessment (LCA) is a science-based method used to evaluate the environ-
mental impacts of a product or service throughout its entire life cycle. The methodology
involves assessing the consumption of natural resources and raw materials, energy con-
sumption and emissions into the environment (emissions into the air, water and land)
for each stage of the life cycle of the system under study (either a material good or a
service). Life Cycle Assessment (LCA) analysis is guided by a series of ISO (International
Organization for Standardization) standards. The key standards are ISO 14040 (Environ-
mental Management—Life cycle assessment—Principles and Framework) and ISO 14044
(Environmental Management—Life cycle assessment—Requirements and guidelines) [61].
According to ISO 14040, a complete LCA is composed of four interconnected phases:

e  Goal Definition and Scoping describe the analysed product, process or activity; the
purpose, scope and functional unit are defined, which establish a reference to which
the inputs and outputs are related; and system boundaries are determined (which
processes are included in the analysis).

e  The Inventory Analysis. This step helps with identifying and quantifying inputs (e.g.,
row materials, energy and water usage) and outputs (e.g., emissions, solid waste
disposal and wastewater discharges). This is a technical process of inventory of all
relevant data for each process within the defined system boundaries.

e  The Impact Assessment assesses the potential effects of energy, water and material
usage and the emissions identified in the inventory analysis based on selected envi-
ronmental impact categories (e.g., global warming, human health). This step includes
obligatory and optional sub-phases: classification, characterization, normalization and
weighting consistent with ISO standards.

e  The Interpretation step analyses the results from which to draw conclusions and
identify significant environmental impacts.

2.2. End-of-Life for Fibre4Yards Technologies

In the frame of this work, the End-of-Life (EoL) scenarios were determined for the
materials and compounds used in FRP technologies. On the basis of the literature survey
and in cooperation with industrial partners, we found that the standard and most common
waste scenario for the materials and compounds used in the Fibre4Yards project was
incineration or landfilling (Table 2).

Table 2. EoL scenarios for materials and compounds of FRP technologies.

Material End of Life Literature/Data Source
Polypropylene 100% Incineration 10XL data

Carbon fibre 100% Incineration [52,62]

Glass fibre 100% Landfill NAVAL group data
Polypropylene 100% Incineration 10XL data

Glass f%bre 30% Incineration, 70% Landfill 10XL data

Glass fibre ash

Glass fibre 30% Incineration, 70% Landfill 10XL data

Epoxy resin 70% Incineration, 30% Landfill [63]

Polyurethane foam 45% Incineration, 55% Landfill [64]

Glass fibre 100% Landfill Naval group data
Consumables 80% Incineration, 20% Landfill Naval group data

There are single companies that offer the recycling/recovery of selected materials
used in the Fibre4Yards project. We decided, however, to apply the current most common
standard of waste treatment of the materials and compounds used in the Fibre4Yards
project as the most realistic waste scenario. The results of LCA calculations show that
waste management (EoL scenario) contributes 5 to 39% of the total carbon footprint for
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the Fibre4Yards technologies. The results of the literature search and information obtained
from industrial partners for EoL scenarios in the Fibre4Yards project are shown in Table 2.

3. LCA Analysis of FRP Technologies

Figure 2 represents the results of the LCA analysis of six different FRP technologies in
terms of the GWP impact from the manufacturing and waste treatment of materials used
in production. The functional unit used in the analysis was 1 kg of the particular element
produced by applying different manufacturing technologies. In this study, a Life Cycle
Impact Assessment was performed based on a single-issue IPCC (International Panel on
Climate Change) 2021 methodology, which analyses the GWP factor from the perspective
of 100 years. Figures 2 and 3 show the results of calculations performed based on data
obtained from the literature and FRP technology providers [3]. The overall carbon footprint
generated during manufacturing and End-of-Life stages of 1 kg of parts manufactured by
hot stamping technology was 31.78 GWP, kg CO; eq. Based on the EoL scenario covering
100% incineration of polypropylene and carbon fibre, the carbon footprint of waste disposal
for hot stamping technology accounts for 1.50 kg CO; eq. (ca. 4.7% of total emissions
generated). The high total carbon footprint of hot stamping technology is a result of the
application of carbon fibre for the production of the profiles.
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GWP, kg GO, eq incineration)

Figure 2. Results for Global Warming Potential (100 years) impact category for different FRP technolo-
gies: (a) hot-stamping technology, (b) UV curved pultrusion process, (¢) ATP/AFP process, (d) 3D
printing, (e) adaptive mould technology and (f) vacuum infusion.

As shown in Figure 2b, UV curved pultrusion technology has a total carbon footprint
estimated at 4.81 kg CO, eq., where the biggest contribution belongs to the production
stage with 4.34 kg CO; eq. and waste disposal is responsible for only 0.47 kg CO, eq. The
End-of-Life scenario, where glass fibre is 100% landfilled (data provided by producer),
gives 0.47 kg CO, eq., which is below 10% of the total CO, emissions.
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Figure 3. Comparison of Global Warming Potential impact category of analysed fibre reinforced
polymers (FRP) technologies per kg of produced part (including production and End-of-Life stage).

Figure 2c shows the results of LCA analysis for ATP/AFP technology, where the
highest impact of total carbon dioxide emissions generated belongs to the production stage
(2.66 kg CO, eq.). Waste disposal, i.e., the incineration of polypropylene and incineration of
glass fibre, where only 30% is burned and the remaining 70%, representing the glass fibre,
is landfilled, generated 1.34 kg CO, eq., which accounts for approximately 33% of total
CO, emissions.

Three-dimensional printing technology was evaluated to have a GWP impact of
approximately 4.36 kg CO; eq. (Figure 2d). As was previously shown during the discussion,
the highest GWP impact was caused by the production stage (61.1%). Waste disposal also
had a substantial impact on the total amount of CO, generated (38.9%), mainly due to the
polypropylene incineration process, which had a high carbon footprint.

As shown in Figure 2e, AMP technology is responsible for 6.73 kg CO; eq. emissions
per 1 kg of composite element produced and disposed of. The EoL scenario contribution is
evaluated as 14.9% of total emissions, and within the processes involved in waste disposal,
polyurethane foam incineration and glass fibre landfill have the highest impacts in terms of
the GWP factor (0.44 and 0.26 kg CO, eq., respectively).

Figure 2f shows the GWP values for Vacuum Infusion Technology, where the produc-
tion stage generates 3.9 kg CO, eq. of emissions and the End-of-Life stage is responsible for
0.61 kg CO; eq., which is less than 14% of the total contribution.

Figure 3 shows the comparison of the total GWP impacts of the different FRP technolo-
gies that we evaluated within cradle-to-grave LCA boundaries. The average environmental
load of Fibre4Yards technologies is less than 7 kg CO, eq. in relation to 1 kg of the final
product, except hot stamping. The higher total carbon footprint of hot stamping technology
is a result of the application of carbon fibre for the production of the elements and the
use of the lab-scale hot stamping cell technique. Waste management (the EoL scenario)
contributes 5 to 39% of the total carbon footprint for the technologies developed in the
Fibre4Yards project. The highest contribution of EoL scenarios was found for technologies
where polypropylene was applied (3D printing, ATP/AFP), as the further incineration of
polypropylene during the disposal phase of the product life cycle generates high amounts
of CO, emissions.
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4. Conclusions

The consumption and production rate of fibre-reinforced polymer (FRP) composite
materials are constantly increasing, and the waste management of composites is emerging
as a problem since the recycling rate of FRP materials is still low. The recycling process of
FRP presents several challenges and opportunities for future studies:

1.  Meeting environmental regulations and sustainability targets (Environmental limits).

2. Adapting to evolving laws and policies related to waste management and recycling
(Governmental legislation).

3.  Implementing a C2C strategy (cradle-to-cradle) to transform FRP waste into a valuable
product (Circular Economy approach).

4. Addressing limitations in fibre properties, e.g., strength and durability (Interior fi-
bre properties).

5. Developing efficient methods for handling FRP waste during recycling (composite
Processing Techniques).

In this paper, the effects of EoL stages compared to production stages of FRP materials
for the shipyard industry on the Global Warming Potential impact category were analysed.
The Life Cycle Assessment methodology applied for FRP manufacturing technologies
(vacuum infusion, ultraviolet curved pultrusion, hot stamping, three-dimensional printing
and automatic tape placement) showed that the total carbon footprint of both manufac-
turing and EoL stages was in the range of 4.01 kg CO, eq. for automatic tape placement
technology to 31.78 kg CO; eq. for hot stamping technology. The EoL stage has an impact
of 0.47 kg CO; eq. for the UV curved pultrusion process to 1.7 kg CO; eq. for 3D printing,
which accounts for 5-39% of the total carbon footprint. The highest carbon footprint for the
manufacturing process was generated for technology where carbon fibre was applied as
a raw material, whereas in terms of the EoL scenario, the incineration of polypropylene
generates the highest environmental load. As the manufacturing of FRPs such as carbon
fibre and glass fibre produces high costs, energy consumption and environmental impacts,
the application of recycling as a waste treatment method might become an attractive alter-
native. However, the wide application of FRP material recycling is still hindered by the
low technology-readiness level, high cost of operation and degraded quality of recycled
composites. The standard and the most common waste scenario (EoL) for FRP materials
and compounds is incineration or landfilling, which must be considered in LCA analysis to
obtain a realistic environmental load.
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