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ABSTRACT: The objective of this study is to conduct a review of recycled-carbon-fibre (rCF) wind
turbine blades’ feasibility, through a comparison of global and Australian wind sector waste, and a
comparison of virgin-carbon-fibre (vCF) with rCF wind turbine blades’ greenhouse-gas GHG-emissions,
and, recommend an approach for carbon-fibre CF-use in the fledgling Australian offshore wind industry,
based on global-warning-potential GWP. This study assesses the life-cycle GHG-emissions of virgin-
carbon-fibre wind turbine blades versus recycled-carbon-fibre wind turbine blades, in both non-structural
and structural configurations. All production, use and recycling is assessed in terms of a West Australian
context, in which the functional unit is three turbine blades used on an onshore wind farm, towards potential
applicability for (as yet, non-existent) offshore WA fields. An approach incorporating a GaBi/Sphera
database-study provides a timely screening/preliminary study, in which it was found that non-structural
recycled carbon fibre wind turbine blades had very similar GHG emission levels compared to standard
virgin carbon fibre blades, with sensitivity analysis revealing that in worst-case scenarios, non-structural
carbon fibre has higher GHG emissions. Structurally recycled carbon fibre blades performed significantly
better than standard virgin carbon fibre wind turbine blades with a 56% reduction in GHG emissions;
savings were not affected significantly by parameter changes during sensitivity analysis. It is evident that
recycled-carbon-fibre can significantly reduce wind turbine blades” GWP and contribute to the circular
economy in the fledgling West Australian offshore-wind-turbine sector.

Keywords: Offshore-wind-turbine; Blades; Carbon-fibre; Emissions/GHGs

1. Introduction

The growing demand for renewable energy has driven the rapid development of wind turbines to
combat climate change. When wind farms approach end-of-life stages, it is important to consider how high-
environmental-impact materials can be reused and recycled. Carbon-fibre (CF) is being consumed in high
quantities by the wind industry; there are currently, however, nominal recycling opportunities for a circular
economy in offshore Western Australian markets.
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Australia, a signatory of the Paris Agreement, pledges net-zero green-house-gas (GHG) emissions by
2050; Australia’s electricity sector accounted for 35% of its GHG emissions in 2024, with non-renewable
sources such as coal contributing 56% of total electricity generation [1,2]. Renewable energy, however, is
a major step towards reducing Australia’s GHG emissions, and focusing on (offshore) wind energy can
provide an almost constant, reliable source of electricity that’s not limited by cloud cover or day/night
cycles [3,4]. Offshore wind farms require less land and are argued to be highly cost-effective at $3223/kW,
compared to coal at $6037/kW [5]. Australia has pegged 6 areas for new offshore wind project development;
currently, there are no national offshore turbines [1,6,7].

Weight is a key criterion in improving the efficiency of energy production for wind turbines, as lighter
turbine components, specifically turbine blades, allow manufacturing bigger turbines with higher electricity
generating capacity [8]. Traditionally, wind turbine blades were made of glass-fibre (GF), but there has
been a shift in the industry to using carbon-fibre (CF) for the main blade material [3]. Compared to GF, the
density of CF is 30% lower, and the strength is 40% higher; CF blades also have improved fatigue resistance,
leading to the uptake in CF use for turbine blades. In 2021, global CF consumption was approximately 181
kilotons. Due to its use in wind turbine blades, the wind energy industry is now the leading consumer of
CF worldwide, accounting for 28% of global supply. Although beneficial to energy efficiency, such high
use of CF may have negative environmental consequences.

During the production stage of CF, high temperatures of 200-300 °C are required for the oxidation of
polymeric fibre. The next process involves a carbonisation process requiring temperatures of 1000—1200 °C
[9]. These high temperatures are achieved by furnaces using electrical power, requiring a huge energy draw,
which is costly for the environment, depending on the type of electricity production relied upon. Usage of
predominantly non-renewable energy to power these furnaces can have a major CO2 emissions reduction.

CF production also directly emits GHGs into the atmosphere. Large amounts of hydrogen cyanide
(HCN), methane (CH4), ammonia (NH3), carbon monoxide (CO) and other hydrocarbon-rich compounds
are released during production, and are either emitted to the atmosphere or incinerated to convert to COz,
which contributes to further energy costs and emissions [10]. According to past research [11-13], which
compiled various data sources to estimate the average climate change impact of CF production, 13.0 to 34.1
kg CO2 equivalent (CO2eq) is emitted per kg of CF. These values are based on polyacrylonitrile carbon
fibre (PAN) based CF, which is considered the predominant type of CF produced.

End-of-life impacts must be considered, since the application of CF is for wind turbine blades with an
expected lifespan of 20 years [14]. Currently, most turbine blade waste is disposed of in landfills [15], but
this is inefficient because the energy invested in production cannot be reclaimed, and, depending on the
country, disposal land can be scarce. In the US alone, it is estimated that by 2050, there will be a total of
2.2 million t of turbine blade waste [16]. Although larger countries such as Australia have abundant land
for disposal, it is important to consider other options early. The wasted energy potential from the production
stage must also be considered to reclaim the lost potential energy stored within the blade waste material;
thus, current disposal of blade waste to landfills necessitates recycling approaches.

The current methods of recycling globally include mechanical recycling, cement co-processing,
pyrolysis and solvolysis [17]. Mechanical recycling involves breaking down turbine blade waste into small
pieces that can then be used as aggregates in construction materials. Cement co-processing is the process
of using the CF as fuel in a cement kiln, with the remaining constituent being used as feedstock for cement
clinker [17]. Although these two methods of recycling remove blade waste from landfills, they are not
circular in nature, can release further emissions, and other materials can be used in place of the blade waste
material for these processes. Pyrolysis and solvolysis, on the other hand, are two recycling processes that
support the circular economy, a concept in which materials are recycled and reused to reduce new raw
material consumption [18], thereby preventing blade waste and new raw material consumption. These
methods involve using thermal or chemical-based processes to break down CF waste material into high
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quality usable fibres and resins that have the potential to be remanufactured into new recycled carbon fibre
(rCF) turbine blades.

Although work appears limited in the consideration of a full, life cycle analyses (LCA) of recycled-
carbon-fibre rCF blades’ environmental impacts in the southern hemisphere, research [19] does review
emissions comparison between GF blades and rCF hybrid blades across Europe where, improvements in
global warming potential are stated as between 27 to 45% (Sweden is an area for recycling due to its
majority renewable energy powered electricity grid). European data may, however, skew the emissions
improvements in the rCF blades’ favour, as there will be little to no emissions due to electricity when
producing and recycling CF, which are both energy intensive procedures. There are also differences in
infrastructure for recycling and production, as well as transportation distances, when trying to apply the
results of European reports to other locations; gaps for Australasian applications become evident. Some
available work [19] compares rCF blades with GF blades, but not virgin-carbon-fibre vCF blades. Due to
Australia’s fledgling offshore wind industry, most farms will utilise some form of CF blades, as regional
offshore turbines require stronger, lighter components to compensate for higher offshore wind speeds.
Therefore, it is important that a comparison can be made between vCF and rCF in an antipodean context;
being the same base material, they are more comparable and will likely be the predominant options for
future Australian offshore turbines, where there is no current deployment.

Given the above, this work focuses on the feasibility and GWP comparison of standard virgin-carbon-
fibre (vCF) wind turbine blades and recycled-carbon-fibre (rCF) wind turbine blades in an Australian
context where no offshore turbines are yet in place.

1.1. Policy, Regulation and Recycling

No explicit international standards, codes or regulations encompass a fully integrated guide for rCF
production, applications’ use and strength requirements. For vCF, on the other hand, international standards
include ISO11566 (tensile properties), ISO13003/ 14125 (fatigue /properties) and, ISO527-5 (tensile
properties), focusing on the strength properties of vCF. If rCF can meet the same requirements and be
incorporated into these documents, then rCF becomes a viable alternative to vCF for both structural and
non-structural applications. Globally, countries have begun to implement various guidance, policies and
regulations that cover wind turbine blade waste materials’ disposal. France has introduced legislation to
encourage blade waste recycling [20], while Germany [21] and China [22] have introduced landfilling bans
on blade waste. Denmark has also introduced research and development programs for the recycling of blade
waste [23]. Currently, although Australia has a national waste policy action plan [24], policies are less
clearly defined and consist of waste reduction targets such as 80% resource recovery from waste by 2030,
which are not directly applicable to the wind/ offshore wind industry. There is an opportunity for Australia
to reach waste reduction and recycling targets if policies for blade waste are re-structured, encouraging
wind turbine manufacturers to avoid excessive landfill usage. As rCF blades are a relatively new technology
that has yet to be established as a conventional blade type, this work is deemed important to assess the
feasibility of rCF blades.

1.2. Energy and Environmental Considerations, and Industry Uptake

The consequences of disposing of blade waste in a landfill open opportunities for recycling. The current
methods of recycling include pyrolysis, and solvolysis, and cement co-processing and mechanical recycling,
which involves breaking down turbine blade waste into small pieces that can then be used for aggregates
in construction materials [17]. Findings from the literature indicate that pyrolysis has an energy demand of
3 to 30 MJ/kg of CF [25,26], which can lead to potentially high GHG emissions depending on the electricity
mix used. Although pyrolysis requires high temperature heating and therefore high energy consumption,
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when compared to vCF production, which requires 100-900 MJ/kg [27,28], it is relatively low. The
burning-off of char during pyrolysis also releases GHGs directly into the atmosphere. There is little research
regarding direct emissions; one study [24] covers the types and concentrations of gases released, with COz,
toluene and octane being the primary pollutants, but the volume of emissions per kg of CF consumed is
less addressed.

Solvolysis uses chemical solvents to break down the polymer matrix, leaving the carbon fibres intact.
Common chemical solvents include acetone, alcohols and amines. Solvolysis typically requires
temperatures under 200 °C to break down the materials (versus the high temperatures of 300—-800 °C
required by pyrolysis). Solvolysis is argued to have minimal impact on CF quality; work [29] finds that
rCF surfaces appear unaffected by solvolysis when scanned by an electron microscope. Other studies
similarly note that methanesulfonic acid used for solvolysis leaves no residue on fibres, whilst other work
finds rCF surfaces identical to vCF after solvolysis [27,30]. This is primarily due to the nature of solvolysis
chemicals, which only react with the resin used, leading to no damage to the actual fibres; fibre length is
also unaffected and is only limited by the vessel size used for solvolysis. Research [31] also compared the
environmental impact of solvolysis in comparison with landfilling and reported a climate change impact of
almost zero for solvolysis. This study, however, used French nuclear power as its primary electricity mix
and did not consider the impacts of obtaining the solvents used. Other work [32] conducted a full cradle to
grave analysis of several solvolysis methods and determined an energy consumption of 9.5 MIJ/kg
(supercritical water) to 69.45 MJ/kg (1-Propanol) of CF recycled. Although not zero, this research indicates
relatively low energy consumption when compared to vCF. GWP was also studied for each solvent [32],
displaying impact categories separately. When compared, it can be observed that SC Ethylene Glycol has
the lowest emissions at 1.11 kg CO2eq, with SC Methanol having the highest at 7.4 kg CO2eq per kg of
recycled material. Other work concluded that chemical recycling had 5 times less emissions of 1.2 kg
CO2eq compared to pyrolysis, which falls within a similar range [33].

Real-world commercial application of rCF is progressing; major industries such as aerospace,
automotive and cycling are exploring the use of this recyclate-feedstock. Boeing and Mitsubishi Chemical
Group are trialling the use of rCF in non-structural airplane sidewall panels [34]; Boeing is also testing rCF
sourced from airplane components for use in non-structural applications such as laptop cases [35]. McLaren
is looking at the use of rCF in F1 car panels [36], and Asahi is experimenting with continuous rCF in various
automotive components [37]. Giant bicycles retail a rCF bicycle with structural long strand fibres [38].
Notwithstanding the above, the lack of uptake in the wind-energy-market and its related limited recycling
infrastructure necessitate options’ life-cycle-assessment comparisons.

1.3. Life Cycle Assessment

Life Cycle Assessment (LCA) is a widely accepted and standardised method for quantifying
environmental impacts of products and processes throughout their entire life cycle from acquiring raw
materials to final product disposal & recycling (cradle to grave, to cradle), with international standards
governing LCA practices noted to include 1SO14040/14044 (environmental management principles/
requirements). LCAs typically assess several environmental-impact categories, and calculate emissions
input data/data available in a database [4,39]. LCA also calculates energy use, material use and waste
generation, providing a holistic overview of a product’s life cycle [40]. In the context of CF composite wind
turbine blades, LCA is particularly useful due to the high energy demands for emissions values associated
with CF production and the importance of keeping emissions low for renewable infrastructure. The main
environmental impact categories for an LCA are GWP, acidification, eutrophication, ozone layer depletion,
abiotic depletion and ecotoxicity. Wind turbines are considered climate solutions and promoted as a low
carbon alternative to fossil fuel-based energy, even although CF is somewhat of a carbon intensive material
with high energy consumption, leading to high GHG emissions. In wind turbines, this results in GWP
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heavily outweighing other categories [41]. Towards clarity, this study focuses on the GHG emissions of
carbon-fibre CF (both virgin—vCF, and recycled—rCF) wind turbine blades, for offshore Australia.

1.3.1. Virgin Carbon-Fibre—vCF—Blade LCAs

Whilst there are LCA studies calculating efficiency improvements in using CF in wind turbines [42],
there is limited literature available on vCF LCAs specifically for emissions of wind turbine blades; some
work [8] uses a functional unit of 1 kg of vCF with such a case-study in China, determining that the
production stage of vCF has the biggest impact at 32.8 kg CO2eq per kg of vCF. The overall GWP value
provided in literature limits somewhat insight into determining the environmental impact from wind turbine
blades, as such work calculates the decarbonisation effect from energy generation (in comparison to non-
renewables), which can often negate impacts; similarly, regional variables such as electricity grid mix and
transport distances must be considered when applying findings to other countries. Another study [43]
analysed whole wind turbines using LCA, finding blades contribute to 14% of total GWP, but this study
presents values as gCO2eq per kWh of electricity produced, creating difficulties when comparing against
turbine systems with different power ratings, or determining blade impact only; indeed such studies assume
50% of blade materials are incinerated adding higher emission values in comparison to landfill’s inert-
waste. Overall, there appear to be gaps in finding simplified data for wind turbine blade GHG emissions
for an Australian context.

1.3.2. Recycled Carbon-Fibre—rCF—Blade LCAs

There are several studies that cover recyclable wind turbine blades in the form of recyclable resins; one
study [44] finds a 28% reduction in GHG emissions compared to standard blades, although the regional
boundaries’ functional units are unspecified. Other work [45] finds a similar reduction of 30% this work
does state the functional unit as a 13 m prototype blade in Ireland. Studies mostly cover recyclability for
the resin and do not cover CF, which is argued to be a main contributor to emissions. A recent study [46]
did assess rCF, but did not address a cradle to grave test as the production stage of materials was not
considered; this study used a functional unit of key cumulative blade wastes and found a 2.5 to 3.5 Mt
reduction in CO: for rCF; the functional unit for this study is difficult to apply individually to wind farms
and is more of a broad overview on the potential emissions reduction for the wind turbine blade market.
The study also used a transport distance, between factories and wind farms, of 200 km, which may not
accurately represent the required large travel distances in Australia, sea-to-shore vagaries notwithstanding.
Existing studies did not consider the use of rCF back-into new blades, towards CF-circular-economies.

Currently, there is limited literature available on LCA for wind turbine blades constructed for rCF; one
of the very few studies [19] has used LCA to calculate and compare the cradle to grave environmental
impacts of a hybrid rCF turbine blade and standard GF turbine blade, albeit as mentioned, this is Europe-
centric in approach. The lack of research on the GHG emissions or environmental impacts of rCF wind
turbine blades reinforces the work presented here and offers recommendations to a fledgling offshore wind
turbine industry in Western Australia.

The following discussion highlights the research herewith: Section 2 reviews the materials & methods
of this work, namely virgin-carbon-fibre vCF, & recycled-carbon-fibre rCF comparisons; Section 3 notes
a discussion of calculation validation; Section 4 presents the results & discussion of this research, such that
vCF structural components’ replacement by rCF is viable; and Section 5 notes the conclusions &
recommendation that rCF uptake is encouraged.
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2. Materials and Methods

The aim of this project is to evaluate and compare the total GHG emissions in kg CO2eq of virgin-
carbon-fibre vCF and recycled-carbon-fibre rCF wind turbine blades throughout the total blade lifespan,
including raw materials, production, maintenance and end of life processes for wind turbines in Australia
and to provide a recommendation on selecting vCF, or rCF. The objectives for this research are to: conduct
a global review of rCF feasibility through research of secondary sources; compare global and Australian
wind sector waste; conduct a comparison of vCF and rCF wind turbine blade GHG emissions; and fourthly,
recommend an approach for CF use in the Australian wind industry based on GWP. Overall, the vCF and
rCF blades are compared to determine the effect on GHG emissions of recycling CF blades and using the
rCF in new blades, via a life cycle assessment (LCA) in which the life cycle inventory data is garnered form
the Sphera/GaBi database [47] in line with ISO14040:2006 (environmental management). Any other data
unavailable in Sphera/GaBi is obtained through secondary research sources.

Comparison involves 3 blade types: standard vCF, non-structural rCF and structural rCF. All GHG
emissions are converted into CO2 equivalent emissions and calculated using the CML2001 (mid-point
centric approach) that primarily focuses on the GHG emissions of the blade types; the financial aspects of
all processes are excluded. Research only considers 3 options: vCF wind turbine blades with an end of life
in landfill, rCF blades with recycled CF only used for non-structural components (e.g., GF), which will be
recycled at end of life, and thirdly, rCF blades where recycled CF will be used for both structural and non-
structural components and will be recycled at end of life. Other non-circular recycling methods, such as
mechanical recycling into different products, are not considered. This LCA system boundary is Australia,
with energy infrastructure, transport distances, production and disposal/recycling data based locally.

The functional unit for this LCA is a set of 3 fibre composite wind turbine blades, based on each vCF
blade being 20 t, typical for large onshore blades (Table 1). Durability, power rating, dimensions and
structure remain the same across the three blade types, but weight varies due to the density of CF, which
replaces the GF in the rCF blade types. The manufacturing process involves acquiring/production of the
main raw materials used for the blade in Victoria, including composite, foam core, protective coating, and
resin for composite production, which are transported to the local blade assembly facility. These materials
are then assembled into complete vCF wind turbine blades in one facility; vCF is used for the internal
structural frame of the blade, and GF is used for the outer blade shell, with both composites using epoxy
resin for infusion. PVC is used to fill the central voids of the blade, and the components are combined in a
sandwich construction method. PU resin is used as a protective coating layer on the outside shell. 17% of
materials used are consumed as production scrap and are disposed of in landfills [14]. Three blades of the
same specifications are manufactured and transported via truck to an onshore wind farm site 596 km away
(avg distance to nearest wind farms) and installed, thence transported offshore; the offshore transportation
component is deemed a constant and excluded from this scope. After the use phase, the blades are
disassembled and transported back to urban Victoria, where they are disposed of in a landfill without
shredding or incineration, with offshore variables excluded from scope.

Manufacturing processing remains the same as for standard vCF blades, but the outer blade shell
material is replaced with rCF instead of GF. Assembly methods, transportation, use and location remain
the same. After the use phase, blades are disassembled and transported back to a recycling facility in rural
Victoria, where both vCF and rCF are recycled. During the recycling process, solvolysis is used to produce
rCF material, with 10% CF lost during recycling, and all non-CF scrap, such as resin, foam, and coating, is
disposed of in a landfill. rCF is taken to the assembly facility, where new resin is used for infusion. rCF is
not used for structural components. Manufacturing processes remain the same as non-structural rCF blades,
except for the structural vCF frame being replaced by rCF in addition to the outer shell. Due to the loss of
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CF during recycling and manufacturing, CF scrap from additional sources, such as other turbine blades and
aircraft components already in landfills, will be used to create the required rCF for the new blades.

The LCI model is based on production in Victoria, the only known current wind turbine manufacturing
site in Australia. Australian electricity grid mix is used to build all LCI sets, including energy consumption
for CF manufacture, blade manufacture, PVC production and PU resin production. All LCI were built
within GaBi [47] Education 9.2.1.68. CML2001 Jan. 2016 Global Warming Potential impact assessment is
used to determine the GWP calculated in kg CO2eq, which is a conservative midpoint impact assessment
methodology that is accepted by Australian Life Cycle Assessment Society -ALCAS, and compliant with
ISO14040 (environ.mngmt). A sensitivity analysis determines the robustness of results; this is done by
varying input parameters for high contribution processes [48,49]. The sensitivity analysis was performed
to examine the effects of varying input data across the 3 main high-impact categories: electricity, CF
production, and rCF recycling. Best and worst-case scenarios were modelled. The best-case scenarios used
a decrease by 25-50% in electricity emissions, CF production energy consumption and rCF emissions. The
worst-case scenarios used the baseline electricity emissions (assuming non-renewable energy would not
increase), a 25—-50% increase in CF production energy consumption and the same rCF emissions increase.
This is in line with other uncertainty studies [46].

Table 1. LCI Materials Input for Blades *.

Input Material Standard vCF Non-Structural rCF Structural rCF
Weight (kg) wt.% Weight (kg) wt.% Weight (kg) wt.%

vCF 2140 10.7 2140 15.5 0 0.0

rCF 0 0.0 2573 18.7 4713 34.2
Epoxy Resin 5600 28.0 5600 40.7 5600 40.7

GF 8800 44.0 0 0.0 0 0.0

PU Resin 460 2.3 460 33 460 33
PVC Foam 3000 15.0 3000 21.8 3000 21.8
Total Weight 20,000 100 13,773 100 13,773 100

* Total standard blade weight is adapted from literature [50] where rCF blades are based on equitable composition ratios; CF is
significantly lighter than GF, which it is replacing, resulting in the difference in total weight; Material composition ratios based
on averages are calculated from available source material [19,44]; values are composition totals after manufacturing wastage.

3. Theory/Calculation Validation and Ethics Statement

Towards industry validation of LCA methodology input data, local wind turbine blade manufacturers
and offshore developers were contacted in line with University ethics procedures; whilst interviewees
declined explicit identification and confirmation of specific results, anecdotal alignment with proprietary
emissions data can be argued.

4. Results and Discussion

Secondary research [19,44,50] allows tabulation of blade compositions utilised in LCAs (Table 1).

The results for the LCA comparing the GHG emissions of the 3 blade types are shown in Figure 1. The
standard vCF blade and non-structural rCF blade exhibit similar total emissions values of 730.9 T CO2eq
and 705.9 T CO2eq, respectively, indicating a 3.42% reduction for the rCF blade. The structural rCF blade
had emissions of 320.6 T CO2eq, which is a major reduction of 56.14%. The standard and non-structural
rCF blade GWP results are similar to those reported in the literature [19]. However, other work does not
compare structural rCF blades in the same scenario; in the optimum conditions scenario, a GWP reduction
of approximately 26% is noted.
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Figure 1. LCA GHG Emissions for the Total Life Cycle for Each Blade Type with Categorical Breakdown.

The difference is due to the vCF being produced in Australia for this study, with a higher GHG impact
of the electricity grid compared to CF production and recycling in Europe, where Sweden’s energy grid
emissions were 39 g CO2eq per kWh [19], whereas the Australian energy grid emissions used from the
GaBi data base was 0.93 kg CO2eq per kWh. Since the structural rCF blade does not use any vCF, this
study resulted in a more significant drop in GHG emissions.

Analysing the breakdown of each blade type, the main differences or key impact categories are
electricity, CF production, GF production and the end-of-life stages. The raw materials category remains
mostly the same, as it excludes any CF processes, and all blades use the same coating, resin, and core.

The majority of electricity consumption is due to the production of vCF, which is an energy intensive
procedure, since both standard and non-structural rCF use vCF for the inner structural frame, energy
consumption and therefore emissions are the same. The structural rCF blade has a 73.6% reduction in GHG
emissions due to electricity, since solvolysis is used for the recycling process, which is mainly a chemical
process that requires little electricity. vCF production emissions also remain the same for the first two blade
types, as both use equal quantities for the structural frame, compared to the structural rCF, which only uses rCF.

Comparing the end-of-life procedures, both rCF blade types see significant increases in emissions of
36.5x and 65.6x the values of the standard blade, this is mainly due to the standard blade being considered
inert landfill waste; if other impact categories were considered, the overall environmental impact of the
end-of-life may increase for the standard blade. Although the values’ transportation emission values were
not significant, both rCF blades saw a 36% decrease due to the lighter rCF replacing the GF in the standard
blade; blade breakdowns are shown in Figures 2-5.
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Figure 2. Detailed GHG emissions Breakdown for Standard vCF Blade.
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Figure 3. Detailed GHG emissions Breakdown for Non-structural rCF Blade.
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Figure 4. Detailed GHG emissions Breakdown for Structural rCF Blade.
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Sensitivity analysis, testing the vagaries of high-contribution assumptions’ inputs [47,48], is displayed
below (Figure 5), with the best-case scenario showing a 7.25% improvement in emissions for the non-
structural blade compared to the standard blade, whereas the worst-case scenario shows a nominal
difference (1.2%). Therefore, it can be argued that due to the uncertainty of this model’s input data, there
is no emissions reduction value in using rCF for non-structural wind turbine components. For the structural
rCF blade, changes in scenario have little effect on emissions; this blade performs better than the standard
blade in all scenarios. It is concluded that rCFs are useful if high quality rCF can be obtained for structural
use, whereas there is no GHG emissions benefit for rCF use replacing GF, and should not be used.

Sensitivity
900,000
M Baseline
800,000
® 50% Worse
700,000
m 25% Worse
600,000 M 25% Better
500,000 W 50% Better
400,000
300,000
200,000
100,000
GHG kgCO2eq 0
standard (vCF GF) Recycled (non structural)  Recycled

Figure 5. Sensitivity Analysis: High Impact Parameters of Best/Worst-Case Scenarios in 25% Increments.

Whilst the assessment provides useful insights into the potential environmental benefits of rCF blades,
factors that influence the results obtained from this study may be noted, namely: the structural rCF scenario
relies on there being excess CF waste available to be recycled from other sources such as aircraft,
automative or other wind turbine components; the recycling and production process results in some material
loss/wastage, meaning a closed loop life cycle may not be possible. If there is a scenario in which excess
CF waste is unavailable for recycling, then vCF will be required in small quantities, increasing the GHG
impacts of the structural rCF blade. It is worth noting that the LCA secondary research and the GaBi 2018
database may be less reflective of region-specific manufacturing practices.

Although Australia was used as the region boundary, there is currently limited availability for wind
turbine blade manufacture due to uncertainties in labour costs and the fledgling nature of offshore wind
farm development in Australia. CF recycling is somewhat limited in Australia. Whilst independent work is
noted as ongoing towards circular economy carbon fibre uptake [51,52], there are limited national facilities
for industry level production, such that, if this current work’s findings seek application, then recycling will
need outsourcing overseas.

This work’s objectives were addressed; an LCA comparison was conducted, whilst the results indicate
that non-structural use of rCF does not provide significant GWP reduction in comparison to vCF blades, it
is noteworthy that the use of rCF in structural components, in addition to non-structural components, finds
a significant reduction in GWP (56.14%). These results are not significantly affected by sensitivity
parameters. For use in the Australian wind industry, it is recommended that rCF be further explored to
facilitate the replacement of vCF structural components with rCF.
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5. Conclusions and Recommendations

Research on lower emission alternative materials is important for a complete transition to renewable
energy production. This study aimed to assess and compare the GHG emissions of virgin-carbon-fibre vCF
and recycled-carbon-fibre rCF wind turbine blades within an Australian context, using a cradle to grave life
cycle assessment. Three blade types were compared, standard CF and GF mix, rCF used only for non-
structural components (replacing GF), and rCF used for both structural and non-structural components.

The work herewith notes constraints & limitations related to a lack of propriety WA applications’
information, and that, as a result, inventory inputs are sourced from Sphera databases and available
literature for regional conditions.

The results indicate little to no reduction in GHG emissions for the non-structural blades, due
predominantly to virgin carbon fibre still being used, with its high impact on emissions. Sensitivity analysis
revealed that in certain scenarios, non-structural rCF blades can have higher GHG emissions than their
standard vCF counterpart. Structural rCF blades, on the other hand, saw a major reduction in GHG
emissions, reducing by 56%. Even when sensitivity analysis is considered, the structural rCF blades do
show a significant reduction in GHG emissions, indicating value in using rCF in wind turbine blades; vCF
can be replaced for environmental gain.

Whilst this study can be considered a screening or preliminary study, with a full, more detailed study
using primary data recommended to validate these preliminary findings, these LCA results do however,
show that the use of rCF is superior in reducing GHG emissions, depending on the quantity and replacement
of vCF, when compared to standard vCF blades. As Australia moves towards expanding its renewable
energy infrastructure, integrating recycled materials such as rCF into offshore wind turbine production will
contribute meaningfully to achieving sustainability goals and directing future policies, providing ongoing
government motivations, technological, and data challenges are addressed.

There is evidence that using rCF can reduce GHG emissions significantly, depending on the quantity
used. It is important to determine the detailed feasibility and a more detailed environmental impact analysis
following this work.

Further research is proposed; namely, a more detailed LCA that breaks major processes down into
more fundamental components is recommended. Using primary data will obtain more accurate results,
especially if collaboration and explicit corroboration with an active, local industry partner can be secured,
such that LCA results could be directly applied to specific blade designs that are currently in-use, or nearing
the end of life. Although rCF may be a better alternative to vCF in reducing GHG emissions, chemically
intensive processes such as solvolysis have an impact on categories such as acidification potential,
ecotoxicity and human toxicity, and require more study.

The take-away message from this work is that this study demonstrates that rCF can significantly reduce
GHG emissions in the life cycle of offshore wind turbine blades in Australia, and it is recommended that
rCF should be explored further for usage in the fledgling Australian offshore wind energy industry.
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