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Abstract: The wind energy sector faces a persistent challenge in developing sustainable solutions
for decommissioned Wind Turbine Blades (WTB). This study utilises Lifecycle Assessment (LCA) to
evaluate the gate-to-gate carbon footprint of high-profile disposal and recycling methods, aiming
to determine optimal strategies for WTB waste treatment in the UK. While this article analyses
the UK as a case study, the findings are applicable to, and intended to inform, recycling strategies
for WTB waste globally. Long-term sustainability depends heavily on factors like evolving energy
grids and changing WTB waste compositions and these must be considered for robust analysis and
development strategy recommendations. In the short to medium term, mechanical recycling of
mixed WTB waste is sufficient to minimise Global Warming Potential (GWP) due to the scarcity of
carbon fibre in WTB waste streams. Beyond 2040, carbon fibre recycling becomes crucial to reduce
GWP. The study emphasises the importance of matching WTB sub-structure material compositions
with preferred waste treatment options for the lowest overall impact. Future development should
focus on the extraction of carbon fibre reinforced polymer (CFRP) structures in WTB waste streams,
commercialising large-scale CFRP structure recycling technologies, establishing supply chains, and
validating market routes for secondary carbon fibre products. In parallel, scaling up low-impact
options, like mechanical recycling, is vital to minimise WTB waste landfilling. Developing viable
applications and cost-effective market routes for mechanical recyclates is necessary to displace virgin
glass fibres, while optimising upstream recycling processes based on product requirements.

Keywords: wind energy; circular economy; wind turbine blade; lifecycle assessment; recycling

1. Introduction

Many industrialised countries are relying heavily on the expansion of renewable
energy production to achieve their net zero goals, and wind energy is leading the global
shift towards green power. In 2021, the electricity generated by wind increased by nearly
273 TWh, marking the most substantial growth among all power generation technologies [1].
While wind energy generation produces only 1-3% of the Greenhouse Gas (GHG) emissions
compared to traditional fossil fuels [2], there is still room for improvement within the
industry to expedite progress toward global net zero objectives. Even though more than 80%
of the materials used in current wind power plants are recyclable [3], the ongoing challenge
in the wind energy sector remains the lack of circular, scalable, and environmentally
friendly solutions for decommissioned wind turbine blades (WTB). Several studies have
highlighted the potential environmental benefits achievable through WTB recycling [4-6].
These findings underscore the importance of developing low-impact recycling solutions as
a strategic focus throughout the WTB lifecycle, with the potential to significantly reduce the
environmental footprint of wind energy generation. To minimise environmental impact and
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ensure a commercially viable proposition, it is imperative to adopt a strategic, data-driven
approach to blade recycling.

Due to their molecular crosslinking, fibre reinforced thermoset polymer (FRP) com-
posites used in legacy WTB structures pose challenges for easy reuse and recycling. Exten-
sive research has been recently devoted to the development of FRP recycling techniques,
resulting in the development of various recycling strategies at different stages of tech-
nology readiness [7-12]. These recycling methods can be broadly categorised into three
classes: thermal, mechanical, and chemical processes, each aiming to recover materials
and/or energy from FRP waste that can replace the production of raw materials or offset
energy demand.

The objective of these processes is typically to extract the fibrous and/or polymeric
fractions from FRP waste, to reuse in secondary composite or non-composite applications,
thereby replacing virgin material production. Among the technologies, there are thermal
recycling methods based on combustion, such as cement kiln co-processing and the thermo-
oxidative fluidised bed recycling process. These methods harness energy from the polymer
fraction of composite waste and reuse inorganic fractions to mitigate the need for raw
material production [13,14]. The fluidised bed recycling process offers several advantages,
including scalability, continuous operation, tolerance to contaminants, compatibility with
various polymers, and the production of fibrous materials without charring [15-18]. Pyrol-
ysis is a non-oxidative thermal recycling process, involving FRP thermal decomposition
in a low or no oxygen environment [7], which can be done in either a batch or continuous
process depending on the type of pyrolysis method employed. The pyrolysis process can
theoretically allow for the recovery of the polymer matrix as well as the reinforcement
fibres. Pyrolytic carbon formation on the fibres is typical [19], which can be removed by
additional processing in oxidative conditions [20]. Mechanical recycling involves grinding
down FRP and employing grading technologies to categorise the waste into different-sized
and -composed fractions. The fibre-rich fractions can substitute virgin glass fibre in glass
fibre reinforced polymer (GFRP) production, while finer powder fractions can be used
as fillers [21]. Chemical recycling processes utilise heated solvents or solvent mixtures
to break down thermosets into smaller molecules, enabling the recovery of fibre and the
potential reclamation of materials from depolymerised resin, in the form of monomers or
petrochemical feedstock [7,8].

With the global focus shifting towards achieving Net Zero emissions targets, the
pursuit of low-carbon technologies for recycling GFRP waste streams becomes imperative.
Over recent years, numerous researchers have assessed the carbon footprint associated
with different end-of-life (EoL) strategies for GFRP wind blade structures. Sproul et al.
conducted a comparative LCA to evaluate GHG emissions and material yields across
various wind turbine blade recycling methods (including cement co-processing, mechanical,
pyrolysis, microwave pyrolysis, and solvolysis recycling) in the United States [22]. They
found that both mechanical recycling and microwave pyrolysis yield the lowest net GHG
emissions. However, the reliability of the value of mechanically recycled materials is
uncertain due to the mixed feedstock generated by this method, which might result in
lower performance compared to virgin materials.

Nagle et al. conducted a LCA to quantify the environmental impacts of disposing
of blade waste in Ireland [6]. Their study compared the option of co-processing blade
waste in a cement kiln with landfill disposal, and concluded that cement kiln co-processing
could mitigate contributions to human health risks, ecosystem toxicity, climate change, and
resource impacts [6].

Cong et al. utilised LCA to measure the carbon reduction potential of four disposal
scenarios for GFRP wind blades in China [23]. The analysed methods included incineration
in a waste-to-energy plant, cement kiln co-processing, and two similar methods utilising
GFRP recyclates in construction and infrastructure. They found that integrating blade
waste into these applications could notably lower their carbon footprints, reducing the
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lifecycle carbon emission intensity of a wind farm by approximately 3.3 g CO,e./kWh
(representing a 26% reduction in lifecycle carbon emission intensity).

Yang et al. also assessed waste treatment methods for wind turbine blades in China [24],
comparing traditional approaches like landfill and incineration with modern recycling
technologies. They found that recycling generally reduces GHG emissions, except for
pyrolysis. Regional differences in electricity grid mixes limit the generalisation of results,
emphasising the need for localised assessments to identify low-carbon strategies.

To make long-term recycling recommendations for WTB waste disposal, it’s essential
to consider how changes in the energy grid mix and the WTB waste feedstock will impact
the carbon footprint of WTB recycling. Energy consumption significantly influences the
environmental impact of WTB recycling strategies. This study uses publicly available data
on the UK’s Net Zero 2050 plan to assess how the transition to green energy will affect
recycling carbon footprint. Additionally, the study evaluates the impact of aggregated
UK WTB waste feedstocks in terms of volume and composition, projecting trends up to
2050. This provides valuable insights into the future EoL strategies for WTBs, especially
considering the evolving blade designs and material compositions, including the increasing
use of carbon fibre, which will affect waste generation over time. This LCA is intended to
identify and give recommendations toward optimal development strategies for low carbon
solutions for present and future WTB waste streams. While the UK WTB waste landscape
is investigated, it is the intention that the findings from this study can be used to inform
low impact solutions for other regions which also have similar Net Zero 2050 targets.

2. Materials and Methods

This work has been conducted with reference to the methods provided in the interna-
tional standards series ISO 14040 (https:/ /www.iso.org/standard /37456.html, accessed on
28 May 2024) related to the preparation of LCA studies.

2.1. LCA Goal and Scope

The primary aim of this LCA is to evaluate the gate-to-gate GWP of various strategies
for UK EoL. WTB waste streams, from present up to the year 2050. This LCA also aims
to evaluate how the following factors will impact the GWP of various strategies going
forward:

- WTB waste composition: The changing material composition of WTB waste feedstock
up to 2050.

- Future grid mix: The changing UK electricity grid mix in transition to Net Zero 2050.

- Technology developments: Development strategies for select recycling technologies.

2.1.1. Functional Unit

The functional unit for this assessment is 1 kg of WTB waste processing with any of
the material compositions described in the study (e.g., as described in Section 2.3.3). The
reference flow is 1 kg of WTB.

2.1.2. System Boundary

The LCA only considers the processes involved in the EoL treatment of the WTB (i.e.,
secondary material production in the case of recycling routes) and does not consider any
processes associated with upstream phases of the WTB lifecycle (such as manufacture,
installation, use, decommissioning). As such, no burden is attributed to the WTB waste
feedstock entering the system boundary and used in the production of secondary materials.
Figure 1 shows the processes considered within the system boundary which include:
(1) downsizing the WTB using industrial shredding equipment; (2) transporting shredded
WTB to a waste management facility; (3) disposal or recycling of WIB waste processes
described in Section 2.2.3; (4) transporting recycling waste to a waste management facility;
(5) disposing recycling waste in landfill or Energy from Waste (EfW) facility. Figure 1 is
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Figure 1. LCA system boundary.

An avoided burden approach was selected because it (1) allows the evaluation of open-
loop recycling of WTB since closed-loop recycling has yet to be demonstrated as feasible for
all EoL treatments, and (2) can accommodate the diversity of secondary materials produced
across the different EoL scenarios assessed.

By using the avoided burden approach the following are observed: (1) the burden of
secondary material production is included within the system boundary and is allocated to
the system, (2) materials recycled at EoL offset the demand for a quantity of virgin coun-
terpart materials, (3) knockdown in offset rates are included based on loss in performance
and the impact this will have on products utilising recycled materials, (4) all blade waste
is either recycled or disposed in system boundary and avoided burden credit is given to
secondary materials produced.

2.2. Scenarios
2.2.1. WTB Waste Scenarios

Two categories of WTB waste are assessed in the study which have differing composi-
tions and dictate the materials entering the disposal/recycling scenarios:

Mono-source WTB feedstocks: The bill of materials of two representative WTB designs
are used in isolation (one blade reinforced with only glass fibres and one hybrid-blade
reinforced with glass and carbon fibres) to understand how GWP is influenced by blade
waste type.

Future mixed WTB feedstocks: The composition of waste WTB feedstock is aggregated
based on UK wide predictions in types and relative volumes of WTBs exiting service each
year, to understand how GWP is influence by future waste trends.

Assumptions in LCI calculations for the WTB waste scenarios is described in Section 2.3.3.

2.2.2. Electricity Grid Mix Scenarios

Four grid mix scenarios are considered based on UK National Grid ESO Future Grid
report [25]: (1) Falling short, (2) Leading the way, (3) System transformation, (4) Consumer
transformation. Figure 2 shows the projected UK grid mix GWP for each scenario between
2025 and 2050. “System transformation” future grid mix scenario has been selected as
the reference scenario used in most future grid scenarios in this study. It is the scenario
with the lowest Root Mean Square Error calculated between each scenario and the hypo-
thetical average scenario represented by the average values of the four scenarios above.
“System transformation” scenario is therefore the one which is closest to the average of the
four scenarios.
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Figure 2. Projected UK grid electricity GWP between 2025 and 2050 using data published by the
National Grid ESO [25].

The assumption used in modelling the grid mix scenarios are described in Section 2.3.2.

2.2.3. EoL Scenarios

This study considers two disposal strategies (landfill, incineration) and five recycling
strategies (mechanical, thermo-oxidative, pyrolysis, solvolysis, and mechanical+) which
are described below. A schematic showing how each of the WTB regions are processed
across each EoL scenario is presented in Figure 3.

Landfill: All the WTB waste mass (except the metallics) is disposed of in landfill.

Incineration: WIB waste can be co-processed with solid municipal waste within well-
established EfW facilities. While energy is recovered from the waste, this process is unable
to reclaim the non-combustible fractions and is therefore not considered to be a recy-
cling process.

Mechanical recycling: Many variations of mechanical recycling of composite materi-
als (WTB or otherwise) have been demonstrated, with commercial operations already
existing [26]. In general, the composite is mechanically downsized (shredded and/or
granulated) and the resulting granulated recyclate can either be sorted in different fractions
or be used directly in the production of secondary materials.

Thermo-oxidative recycling: Thermo-oxidative recycling has been assumed to be con-
ducted using a fluidised bed reactor which allows for rapid oxidative decomposition of
the polymer matrix, liberating the clean fibre fractions which are transported by the gas
stream out of the reactor and subsequently separated from the gas stream and collected.
The combustion gases are fully oxidised then passed through heat exchangers to recover
heat to be fed back into the process.

Pyrolysis recycling: Thermal recycling of composites waste using pyrolysis involves
decomposition of polymers without (or in low) oxygen at high temperatures between 300
and 800 °C [27]. This is often a multistage process, requiring different temperatures and/or
atmospheric conditions to remove thermally stable char residues to reclaim contaminant
free fibres.

Solvolysis recycling: Chemical recycling of WTB waste using solvolysis involves break-
ing down the polymeric fraction by utilising a solvent, often using elevated temperature
and pressure, and reclaiming the fibrous fraction.

Mechanical+: This option applies only to WIBs manufactured with carbon fibre re-
inforced polymer (CFRP) spar caps. It is assumed that the spar caps are isolated from
the rest of the blade structure during initial sectioning activities. The spar caps are then
recycled using pyrolysis to extract the valuable CF, and all other regions (shear webs, shells,
leading/trailing edge reinforcement—which make up approximately 75% of the WTB mass)
are then recycled mechanically.
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Figure 3. Schematic showing how each of the WTB regions are processed across each EoL scenario.

Detailed process flow diagrams for each of the EoL scenarios can be found in
Figures 52-S8.

2.2.4. Technology Development Scenarios

In their current iteration, pyrolysis and solvolysis suffer from having both high energy
demand and direct GHG emissions from incineration of the polymer by-products. Future
state of pyrolysis technology may enable (1) self-sustained processing through re-circulation
and combustion of pyrolysis gases to power the system, and (2) condensation, collection
and reprocessing of pyrolysis oils/waxes to produce feedstocks for the chemical industry.
Future state of solvolysis technology may enable (1) a reduction in energy demand through
process scale up and catalysed polymer decomposition, and (2) the reprocessing of recov-
ered organic residues to produce feedstocks for the chemical industry. These solutions have
the potential to reduce both the energy consumption and direct emissions, but also provide
additional products from WTB with the opportunity to offset virgin petrochemicals.

Three stages of pyrolysis and solvolysis technology development were assessed
to better understand the impact of these development assuming they could in practice
be achieved:

- Nodevelopment (TD_0)—based on current best available data for pyrolysis/solvolysis
- Technology development 1 (TD_1)—"conservative developments”
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- Technology development 2 (TD_2)—"ambitious developments”

Assumptions in technology development scenarios are detailed in Table 1. It is im-

portant to note that these scenarios are intended to be informative in setting direction for
technology development and are not necessarily representative of what is known to be
practically achievable. The scenarios in Table 1 should be considered indicative of the
impact of a future state if the technology developments are realised.

Table 1. Assumptions in technology development scenarios.

%‘e(it?ig‘lge No Development (TD_0) Technology Development 1 (TD_1) Technology Development 2 (TD_2)
Assumes process is thermally
E ion based Assumes process is thermally self-sustaining and no additional
nersy (lz)onsumpiﬂ%? gse ON  self-sustaining and no additional energy is added to the system.
current o est available data. energy is added to the system. 25 wt. % of pyrolysis products are
. 100 wt. % of pyrolysis o . s
Pyrolysis . 100 wt. % of pyrolysis products (from  oxidised to heat process and
products (from polymer in . A .
-1 polymer in WTB feedstock) are directly emitted.
WTB feedstock) are oxidised . A .
: : oxidised to heat process and 75 wt. % of pyrolysis products are
and directly emitted. A .
directly emitted. collected and used to replace an equal
mass of naphtha production.
Assumes 80% of heat is recovered Assumes 80% of heat is recovered and
Energy consumption based on  and reused in the solvolysis process reused in the solvolysis process (e.g.,
current best available data. (e.g., 80% more thermally efficient 80% more thermally efficient than
Solvolysis 100 wt. % of polymer than current technology). current technology).
products are collected and 100 wt. % of polymer products are 100 wt. % of polymer products are
incinerated at EfW facility. collected and used to replace an equal  collected and used to replace an equal
mass of naphtha production. mass of epoxy resin production.
Pyrolysed spar cap uses same  Pyrolysed spar cap uses same Pyrolysed spar cap uses same
Mechanical+  2ssumptions as is described assumptions as is described for assumptions as is described for
for Pyrolysis “No Pyrolysis “Tech development 1” Pyrolysis “Tech development 2”
development” scenario above.  scenario above. scenario above.
2.2.5. Scenario Combinations
Table 2 presents the five scenario combinations (Scenario ID 1-5) that have been
assessed to better understand GWP hotspots for different EoL strategies and predict how
this is likely to evolve over time with changes to the grid mix, waste feedstock, and
technology developments. Scenario 3 and 5 assesses all four future grid mix scenarios to
determine the sensitivity of the various recycling technologies to variation in grid electricity
impact. All other Scenarios in Table 2 use “System transformation” grid mix scenario for
reasons discussed above.
Table 2. Summary of five scenario combinations investigated.
Combined Scenario ID 1 2 3 4 5
Tec}mo}%%zn]ifi‘:;k’pment No Technology Development With Technology Developments
. Mono-source Mono-source Future mixed Mono-source Future mixed
WTB waste scenarios WTB feedstocks ~WTB feedstocks WTB feedstocks WTB feedstocks ~WTB feedstocks
Landfill
Incineration Technology developments not
Mechanical " 2025 to 2050 All future UK considered for these EoL scenarios
2025 “System “System id mi
EoL Scenarios Thermo- transform.” UK fy " UK gric mx
oxidative grid mix transtorm.’ scenarios from
- grid mix 2025 to 2050
Pyrolysis 2025 “System All fgctlurg UK
Solvolysis transform.” UK gric mix
4 rid mix scenarios from
Mechanical+ & 2025 to 2050
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2.3. Lifecycle Inventory
2.3.1. Data Sources

The Lifecycle Inventory (LCI) secondary datasets used in this report have been sourced
from Sphera Managed LCA Content Database.

2.3.2. UK Electricity Grid Mix Assumptions

The GWP of the UK’s future grid mix was modelled using data provided by National
Grid ESO [25]. This data projects the GWP associated with electricity production across var-
ious future state scenarios. However, the National Grid ESO’s analysis did not encompass
processes upstream of electricity generation, and therefore, it is expected to underestimate
the cradle-to-gate GWP of electricity generation. To obtain a more comprehensive assess-
ment of the GWP of future grid electricity, LCI datasets (including upstream processes)
were modelled in Sphera LCA FE software (formerly called GaBi, software version 10.7.1.28)
between 2025 and 2050, based on the grid mix contributions published in [25] and LCI of
various electricity supply sources available in the Sphera Managed LCA Content Database.
The modelling has been done according to the same principles described in the Sphera
document “LCA database modelling principles 2023”, considering electricity consumed by
power plants themselves, electricity imports from neighbouring countries and considering
transmissions and distributions losses.

Tables S14 and S15 present the assumptions in grid mix contributions across all future
grid mix scenarios.

2.3.3. WTB Waste Scenarios Assumptions
Mono-Sourced WTB Feedstocks

Two different WTB designs have been analysed for mono-sourced WTB feedstocks
scenarios in this study:

(1) GF WTB: A WTB design reinforced with glass fibre (GF) (i.e., no CF reinforcement
commonly seen in other WIB models). This design is representative (in terms of
material composition) of legacy onshore WTBs comprising the majority of the first
wave of WTBs to reach EoL in the coming decades. The design for the GF WTB used
in this work is based on the 5 MW reference blade reported by National Renewable
Energy Laboratory in [28].

(2) GF/CF hybrid WTB: A WTB design with GF reinforcement in the shells and shear
webs and CF reinforcement in the spar caps. This design is representative of future
onshore/offshore EoL. WTB waste streams following the widespread use of CF in
spar cap regions. The design for the GF/CF hybrid WTB used in this work has
been developed from the International Energy Agency (IEA) 15 MW reference wind
turbine [29], developed as part of the IEA Wind Task 37 by NREL and Technical
University of Denmark (DTU). Due to buckling and aeroelastic stability issues of
this specific blade design (identified in a thorough analysis performed in [30]), a new
round of calculations has been conducted, and an optimised blade design achieved,
satisfying all the problematic constraints. The design calculations as well as main
characteristics of this blade can be found in [30]. The normalised bill of materials for
the GF WTB and GF/CF hybrid WTB designs is given in Table 3.
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Table 3. Mono-sourced WTB feedstock bill of materials.
Proportion of WTB BoM
Material Type -
GF WTB GF/CF Hybrid WTB
Carbon fibre 0.0% 12.1%
Glass fibre 55.6% 45.1%
Laminate resin 21.4% 22.7%
Core 10.8% 7.7%
Adhesive 5.0% 5.0%
Coatings 0.9% 1.0%
Metallics 6.3% 6.4%
Mixed WTB Feedstocks

Data sourced from Renewable UK’s Energy Pulse database, which compiles com-
prehensive information on both onshore and offshore wind projects in the UK, has been
employed to assess the quantity and makeup of anticipated mixed waste from WTBs. This
involved using data on installation dates, turbine capacities, and specific model types, in
combination with reference blade materials lists, to calculate the annual waste volumes cate-
gorised by material types. Figure 4 shows the projected UK WTB waste stream composition
up to 2050 used in mixed WTB feedstocks scenarios.

100%
[*)
3 m Carbon fibre
5 80%
g m Glass fibre
i 60% ® Laminate resin
]
= m Core
2 40% )
S H Adhesive
§ 20% Coatings
2 ® Metallics
2 0%

(«) A q N Sy («) A q N o) («) A q
VI PP ;K
DD DA AT AR DA AN A
Figure 4. Projected composition of UK WTB waste streams up to 2050 used in mixed WTB feedstocks

scenarios.

2.3.4. EoL Scenarios Assumptions

Various proprietary models have been developed which allow for the various EoL
scenarios to be assessed.

Landfill

The impact when landfilling the various WTB materials has been estimated based on
representative data sets from Sphera Managed LCA Content Database: GF: “EU-28—Inert
matter (Glass) on landfill”; CF, epoxy laminate resin, polyethylene terephthalate core, epoxy
adhesive, polyurethan surface coatings: “EU-28—Plastic waste on landfill”.

Incineration

The calorific value of the waste is determined by the calorific value of the WIB’s
constituent materials. EfW facilities vary in efficiency, with typical electrical efficiencies of
15-24%. The average efficiency across all UK energy from waste plants is used in the model.
Using data published in [31], the average electrical power and heat efficiencies across all
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UK was estimated to be 20.7% and 4.3% respectively. Electricity generated is assumed to
displace the UK mains electrical supply whereas heat is assumed to offset heat production
from natural gas combustion, assuming 80% efficiency [32]. It is assumed that residual
fraction (bottom ash) of the WTB is landfilled.

Mechanical Recycling

Mechanical recycling of WTB waste has been modelled using a downsizing and
classification process outlined in [21]. WTB waste is first ground using a granulator then
classified into four fractions using a zig-zag classifier. The four distinct fractions differ
in composition and size, with the process producing two fibre rich fractions, a “coarse”
resin rich fraction and a final “powder” fraction. Energy demand for both downsizing and
classification stages required for mechanical recycling have been modelled. Downsizing
energy using a granulator has been calculated using the method outlined in [26]. All energy
for mechanical recycling is assumed to be electrical and sourced from UK mains supply.
It is assumed that the recovered fibre rich fractions can offset the production of virgin GF
at a rate proportional to retained strength of GF in the recyclate. It is proposed that the
powder fraction may be used as filler and offset the production of calcium carbonate filler
material. The coarse, resin rich fraction, is assumed to be a waste product in the study and
is assumed to be landfilled.

Thermo-Oxidative Recycling *

The fluidised bed requires fibre length < 10 mm to operate efficiently; therefore, pre-
treatment of waste WTB involves a downsizing step in a granulator. The energy input
requirements have been sourced from literature LCA [33]. It is assumed that all polymer
materials in the WTB are fully oxidised during the process.

Pyrolysis Recycling *

Energy-related inventory data obtained from a commercial operation (formerly ELG
Carbon Fibre, now Gen2Carbon) was used in this study (reproduced [27]). Under no
technology development scenario (TD_0), it is assumed that all products from the polymer
pyrolysis are eventually fully oxidised prior to releasing to the environment.

Chemical (Solvolysis) Recycling *

An acetone-based process has been used to model chemical recycling of WTB waste
and gather the associated LCI data needed. Data has been extracted from a published
LCA on this process using primary data of a lab scale reactor [34]. It is assumed that all
polymeric material fractions in the WTB can be broken down during solvolysis, which
result in an “organic residue” fraction. It is assumed the organic residue is sent to EfW for
disposal.

* Fibre recovery rate for thermo-oxidative, pyrolysis, and solvolysis recycling is as-
sumed to be 95%, with “waste fibres” assumed to be landfilled.

A more expansive list of assumptions used to model the various EoL scenarios can be
found in the Supplementary Materials and in the Authors’ previous publication [35].

A sensitivity analysis was conducted in Appendix A to evaluate the impact of uncer-
tainty in thermal and electrical energy requirements of the various recycling technologies.

2.3.5. Assumptions in Calculating Avoided Burden

When assessing the effect of grid mix decarbonisation on the GWP of WTB recycling,
it is important to consider how this affects both the burden associated with the recycling
process itself and the potential for avoided burden by utilising secondary materials. While
energy decarbonisation has the potential to reduce the impact of the recycling process
that relies on grid electricity, it is also expected to reduce the potential avoided burden of
secondary materials. This is because the avoided burden is proportional to the production
GWP of virgin material counterparts, which will also benefit from energy decarbonisation.
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In this study, it is assumed that only the GWP of virgin CF is affected by electricity
grid mix decarbonisation. Consequently, only the avoided burden from secondary CF
changes over time. GF is the other secondary material typically produced by WTB recycling
technologies; however, the GWP attributed to virgin GF production is primarily influenced
by energy from natural gas rather than electricity. While GF production GWP may reduce
over time via other means, the potential for avoided burden from secondary GF products
is already limited. Therefore, the omission of decarbonisation in virgin GF production is
not expected to affect the accuracy of this study or its conclusions.

LCA has been used to project the GWP associated with virgin CF. LCI data has been
generated using a proprietary energy model for polyacrylonitrile (PAN) and CF production.
The future UK grid mix (described in Figure 2) has been used as input to PAN and CF
production to evaluate the GWP of virgin CF between 2025 and 2050. The CF production
GWP for each year is given in Figure 5, which has been used to estimate avoided burden
from recycled CF products. Note that virgin CF decarbonisation may be accelerated by
means not considered in this study, which may lead to an overestimation of the avoided
burden from secondary CF in future scenarios.
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Figure 5. Projected GWP of CF production (assuming System transformation grid mix) used in
evaluating the avoided burden of secondary CF from WTB waste.

Knockdown factors based on the loss in mechanical performance of recycled CF and
GF have been used to assess the avoided burden. The knockdown factors have been used to
define the replacement rate of virgin fibres with recycled counterparts, which are presented
in Table 4 (where Replacement rate = 1—Knockdown factor). Detailed assumptions used
in calculating knockdown factors are presented in Tables S11 and S12.

Table 4. Knockdown factors used to assess replacement rate of virgin fibre with recycled counterparts.

Knockdown Factor

Fibre Type Mechanical Thermo-Oxidative Pyrolysis  Solvolysis
Recycled glass fibre 22.6% 50.0% 48.1% 42.4%
Recycled carbon fibre N/A 4.9% 11.4% 10.5%
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A sensitivity analysis was conducted in Appendix A to evaluate the impact of uncer-
tainty in knockdown factors for glass and carbon fibre.

2.3.6. Allocation

According to the information provided by Sphera regarding its database; secondary
LCI data from the Sphera Managed LCA Content Database uses allocation when necessary,
using integral mass/energy reference values.

In scenarios where the WTB is recycled at EoL, there are always multiple secondary ma-
terial products produced during the recycling process (GF, CFE, polymer, waste). The follow-
ing have been allocated to the blade only: (1) the burden of the blade recycling/secondary
material production, (2) the burden of disposing of waste by-products, (3) the avoided
burden of all secondary material products.

2.3.7. Cut-Off Criteria

The LCI secondary data for raw materials production have been sourced from the
Sphera Managed LCA Content Database. In general, each LCI dataset covers at least 95% of
mass and energy of the input and output flows, and 98% of their environmental relevance.

For the LCI primary data generated across the WTB lifecycle, no formal cut-off criteria
have been established, as these have all been calculated and are not direct measurements
of masses and energy flows. General exclusions that are part of the cut-off criteria are
as follows: human energy inputs to processes; production and disposal of infrastructure
(machines, transport vehicles, roads, etc.) and their maintenance; transport of employees
to and from their normal place of work and business travel; support functions (R&D,
marketing, finance, management); fugitive GHG emissions (AC units, refrigeration units);
primary cutting of WTB during decommissioning.

2.4. Lifecycle Impact Assessment

In accordance with the defined LCA goal and scope, this study has focused on the
following Environmental Impact Indicator: Global Warming Potential (GWP 100 years)
[kg CO; eq.], using the Impact Assessment Methodology “CML2001—August 2016 update”.

While the impact assessment of this study has been limited to GWP, the Authors’
have conducted a similar analysis across all twelve impact indictors according to CML2001
methodology, which is intended to be part of a future publication.

2.5. Calculation Procedures

Figure 6 presents a generalised flow diagram showing the calculation procedure used
to conduct the LCA (a more comprehensive version can be found in Figure S9). The
calculation procedure adopted in this study was as follows:

When data has been sourced by LCI secondary databases, the Characterization and
Impact Assessment phases have been performed in the Sphera LCA FE software (formerly
called GaBi, software version 10.7.1.28). The environmental impact per unit of mass/energy
of each secondary LCI dataset has been exported into an MS Excel model, where scaling
factors have been applied according to mass/energy needed in input in each individual
sub-process (green boxes in Figure 6).

The mass and energy flows for each EoL scenario were modelled directly in MS
Excel in order to calculate the input/output LCI (blue boxes in Figure 6). The Life Cycle
Impact Assessment was then calculated using the Characterization Factors of those flows
provided by Sphera for the chosen Impact Assessment methodology “CML 2001, August
2016 update”.

Other processes (orange boxes in Figure 6) were modelled in MS Excel in order to
calculate the input/output LCI data needed evaluate future WTB scrap feedstocks (WTB
waste projections), avoided burden from recyclate products (material knockdown models,
CF production model) and impact of electricity decarbonisation (UK future grid mix model).
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Figure 6. Generalised flow diagram showing the calculation procedure used to conduct the LCA.

The described models and exported impact data were integrated into MS Excel. All

computations were conducted in MS Excel (grey boxes in Figure 6), which was selected
as it allowed for rapid switching between scenarios. The total LCA environmental impact
data has been calculated and then grouped by categories using pivot tables.

The total gate-to-gate GWP for WTB EoL treatment was calculated using Equation (1)

Total GWPGate—to—Gate [kg COZE‘]

=X GWPEm’rgy input +X GWPWaste disposal + L GWPEmissions*

+) GWPInput materials * * — 22 GWP avoided burden

1)

where Y. GWPEgnergy inputr 1 GWPwaste disposal, 1o GWPEmissions: 12 GWP 1nput materialss and
Y. GWP svoided burden are the total GWP (measured in kg CO,e.) from energy input, waste
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disposal, emissions (from polymer combustion), input materials, and avoided burden
respectively. * Y GWPrgyissions is only applicable to thermal processes (pyrolysis and
thermo-oxidative recycling) where direct combustion of the polymer fraction occurs.
** Y. GWPuput materiats is only applicable to solvolysis recycling where solvent input
is required.

Equation (2) was used to calculate the total GWP for any category (Cy) described in
Equation (1), where the Inventory data (calculated using blue and orange boxes in Figure 6)
and Impact data (exported from Sphera, green boxes in Figure 6) are multiplied for a
given impact source (S), and summed across all (n) impact sources. Inventory data is
measured in mass (kg) or energy (M]) and complimentary Impact data in kg CO,e. per kg
or MJ respectively.

STl
Y GWP¢, [kg COze.] = Y (Inventory; x Impact;) )
i=5,

Finally, to better compared across WTB waste scenarios, the total gate-to-gate GWP
was normalised to the mass of WTB scrap processed according to Equation (3).

Total GWPGate—to—Gate [kg COze.]
WTB scrap mass kg WTB]

Normalised GWPGate—to—Gate kg COze./kg WTB] = 3)

3. Results and Discussion
3.1. Scenario 1: Impact of Mono-Sourced Feedstocks

Figure 7 gives the GWP of recycling technologies assessed using 2025 UK (System
transformation) electricity grid mix for both GF WTB (Figure 7a) and GF/CF hybrid WTB
(Figure 7b) feedstocks. The purpose of Figure 7 is to identify key contributors in each
treatment option and guide potential areas of development for process impact reduction.
Positive GWP values indicate contributions from GHG emissions, while negative GWP
values signify reductions achieved through the avoided burden of virgin material or energy
production due to EoL treatment. The “Total GWP” in Figure 7 sums all GWP sources for a
given EoL treatment, with a negative total recycling GWP indicating an overall reduction
enabled by the treatment.
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Figure 7. GWP of recycling technologies assessed using 2025 UK (System transformation) electricity
grid mix for (a) GF WTB and (b) GF/CF hybrid WTB feedstocks.

For the GF WTB scenario (Figure 7a), mechanical recycling is the only EoL treatment
resulting in a negative total GWP. This is due to its low energy demand and the absence
of GHG emissions from polymeric fraction combustion, which is present in thermal and
solvolysis recycling (indirectly through incineration of organic residues).
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Gate-to-Gate GWP (kg CO,e./kg WTB)

Figure 7a demonstrates that secondary materials generated during mechanical, thermo-
oxidative, pyrolysis, and solvolysis recycling have limited potential to offset the burden of
virgin materials. This is due to three key factors: (1) significant mechanical performance
loss in GFs during recycling, reducing the replacement rate of virgin GF counterparts;
(2) the already low GWP associated with virgin GF compared to other blade materials
like polymers and CF, limiting GHG emissions displacement; and (3) GF being the sole
secondary material capable of offsetting virgin material production from GF WTB scenario.
To achieve a negative total recycling GWP for a given EoL treatment, the impacts of the
recycling processes themselves must also be low to not outweigh the limited avoided
burden through secondary GF production.

In Figure 7b, the LCA results for the GF/CF hybrid WTB highlight the superior
potential of recycling CF materials to offset GHG emissions by replacing high-impact virgin
CF production. Consequently, all recycling scenarios in Figure 7b yield a negative total
GWP for the GF/CF hybrid WTB, making them preferable to disposal methods like landfill
and incineration. Notably, while mechanical recycling is the least impactful option for
the GF WTB, it represents the highest-impact recycling scenario for the GF/CF hybrid
WTB due to CF being recycled into a format that cannot compete with virgin CF. It is
assumed that fibrous mechanical recyclate from CF composite regions can only replace
virgin GF, resulting in a low avoided burden, as with the GF WTB scenario. Figure 7b
demonstrates that the mechanical+ EoL scenario offers the lowest GWP for the GF/CF
hybrid WTB by aligning WTB sub-structure material compositions with preferred waste
treatment options for the overall lowest impact. This approach ensures that additional
GHG emissions associated with thermal or chemical processes are only applied to the
CF-rich spar caps, deploying the lower-impact mechanical strategy for shells and shear
webs, where reclaiming secondary materials has limited avoided burden potential.

3.2. Scenario 2: Impact of Future Grid Mix with Mono-Sourced Feedstocks

Figure 8 gives the GWP of different recycling technologies over time using projected
2025—2050 UK (System transformation) electricity grid mix for both the mono-sourced
feedstocks: GF WTB and GF/CF hybrid WTB. As the GWP of the electricity grid mix
decreases overtime, two conflicting mechanisms influence the overall GWP of the EoL
treatments: (1) the GWP burden attributable to electricity consumption diminishes, (2) the
potential for receiving credit for avoided burdens through secondary CF production and/or
electrical energy generation (through incineration) also diminishes.
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Figure 8. GWP of different recycling technologies using projected 2025-2050 UK (System transforma-
tion) electricity grid mix for (a) GF WTB and (b) GF/CF hybrid WTB feedstocks.
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The gate-to-gate GWP when recycling GF WTBs (shown in Figure 8a) decreases over
time, thanks to the reduced burden from electricity consumption and constant avoided
burden (due to the lack of CF in the GF WTB scenario). Figure 8a shows that without
technology development, the GWP of GF WTB recycling is therefore expected to passively
decrease overtime due to the green energy transition. However, it is worth noting that
the expected GWP savings are relatively small. Even under Net Zero 2050 conditions, the
thermo-oxidative, pyrolysis, and solvolysis recycling technologies exhibit gate-to-gate GWP
values higher than landfilling. Mechanical recycling remains the preferred EoL strategy
for minimising GWP. This distinction arises because, unlike the other recycling scenarios
at their current developmental stage, mechanical recycling does not lead to the direct or
indirect combustion (such as through downstream incineration in the case of solvolysis)
of the polymeric fractions within WTBs. Relying solely on electricity decarbonisation is
insufficient to render these recycling strategies more environmentally friendly in terms of
GWP when compared to conventional landfilling. Consequently, additional advancements
in technology are essential to circumvent the incineration of polymer fractions during
recycling or emissions generated during the recycling process.

The GWP estimates for GF/CF hybrid WTB recycling (shown in Figure 8b) show very
different long-term trends, with the GWP of all recycling strategies increasing over time.
This difference arises from the fact that any GWP reduction facilitated by the transition to
lower carbon electricity is offset by the diminishing avoided burden from secondary CF over
time. The reason for this lies in the fact that virgin CF production consumes considerably
more electricity than recycling technologies, resulting in a more significant GWP reduction
over time. This reduction is not counterbalanced by GWP savings during the recycling
phase. Regardless, all recycling strategies for GF/CF hybrid WTB are expected to maintain
a negative GWP overtime, with mechanical+ presenting the lowest GWP opportunity
for the reasons discussed in Section 3.1. Figure 8 indicates that, without advancements
in alternative recycling technologies, prioritising mechanical recycling for GFRP blade
structures is advisable. This holds true regardless of the WTB design or GWP of the future
grid mix.

3.3. Scenario 3: Impact of Future Grid Mix with Mixed Feedstock

Figure 9 displays the GWP of various recycling technologies, using projected
2025-2050 UK (System transformation) electricity grid mix and anticipated 2025-2050
UK mixed WTB feedstocks. Figure 9 also highlights the expected increase in CF within the
UK mixed WTB feedstocks, which is a crucial factor in assessing the long-term impact of
recycling strategies. The proportion of WTB waste containing CF is projected to rise over
time, driven by the increased use of CF in large-diameter, multi-megawatt rotors. As shown
in Figure 9, WTB waste is expected to contain approximately 7 wt. % CF by 2050, up from
0 wt. % in 2025. This CF content growth expands the potential for avoided burden related
to secondary CF products (given the high impact associated with virgin CF production),
favouring technologies capable of recovering CF from the mixed WTB waste stream.

Figure 8 illustrates that, up to 2048-2050, the UK mixed WTB waste stream lacks
sufficient CF content to counterbalance the substantial GHG emissions linked to recy-
cling technologies like thermo-oxidative, pyrolysis, and solvolysis. This challenge is ex-
acerbated by the long-term reduction in the GWP of virgin CF production, resulting in
lower credited avoided burden for each kilogram of secondary CF produced, as shown in
Figure 8b. Figure 9 suggests that the GWP of pyrolysis and solvolysis will exceed that of
conventional landfilling until around 2050. Nonetheless, there are various opportunities
for both pyrolysis and solvolysis to reduce direct and indirect GHG emissions from the
baseline development level depicted in Figure 9, which are discussed in more detail in
Sections 3.4 and 3.5.

Figure 9 also shows that in the short to medium term, between 2025-2040, simply
mechanically recycling the mixed WTB waste is likely to be sufficient to minimise GWP. This
is due to the scarcity of CF in the waste stream in this time frame, meaning that significant
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gains from targeted CF recycling are not available. Figure 9 shows, however, that from
2040 onwards, mechanical+ recycling (which analysis starts at 2028 due to the absence
of CF in waste stream prior) should be pursued, given the significant potential to reduce
GWP compared to all other recycling strategies assessed. The supply chain to deal with
these materials should be in place by at least 2040 to capitalise on the surge in CF present
with the UK WTB waste stream. This is useful in setting targets for waste owners, turbine
decommissioners, waste handlers/recyclers, material suppliers, and recyclate users alike.

It is critical that decommissioners develop method(s) for spar cap extraction in advance
of future WTB waste streams where CF in these regions will be ubiquitous. Likewise, the
technology to conduct at scale recycling of CFRP structures from WTB waste must be
commercialised, with routes to market proven out and the required supply chain(s) in place.
Many CF recycling approaches have been proposed for EoL. CFRP waste which are currently
at various technology readiness [12,36]. Pyrolysis recycling is currently the most advanced
and operates commercially in Europe [37] and North America [38], through subsidiaries of
CF producers Mitsubishi Chemical Advanced Materials and Hexcel respectively. Thermo-
oxidative recycling of waste CFRP has been demonstrated at pilot scale at the University
of Nottingham [39] and commercial recycling of CF is already available in South Korea
using a chemical-based approach [40]. Despite this, these technologies must be stress tested
against CFRP from blade waste, which poses a unique set of challenges in terms of the
size of structures, laminate thickness, and mixed material contaminants (such as glass fibre
reinforced layers). It remains unclear how these factors will affect the economic viability of
established CF recyclers/recycling technologies and must be explored further.

In the meantime, it is critical that low impact solutions, such as mechanical recycling,
are scaled up to enable production of lower value recyclate and mitigate landfilling or
incineration of WTB waste. A significant challenge in reusing mechanical recyclate is the
presence of resin contaminants on fibre surfaces, which may affect adhesion with polymers
in secondary composite components and limit compatibility with existing manufacturing
technologies. Nonetheless, as shown in [21], fibrous fractions can replace virgin GF in bulk
moulding compound (BMC) production without compromising composite strength. This
implies that the recovered fibrous fractions can replace the production of virgin GF used in
BMC products. Other potential routes to market include as lower value reinforcement in
sheet moulding compound [41], 3D printing compound [42], injection moulding compound,
infused panels [43], compression moulded panels [44], or even inorganic polymers [45].
Economically viable routes to market for mechanical recyclate must therefore be established,
with product requirements used to optimise upstream mechanical recycling processes.
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Figure 9. GWP of different EoL strategies using projected 2025-2050 UK (System transformation)
electricity grid mix and projected 2025-2050 UK mixed WTB feedstocks.
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Given that there is significant uncertainty in long term electricity grid mix trends (as
shown in Figure 2), it is critical to understand how this uncertainty could affect the WTB
recycling impacts assessments. To address this, the GWP of each recycling technology was
evaluated between 2025-2050 for each of the UK electricity grid mix scenarios (Falling
short, Leading the way, System transformation, and Consumer transformation). Figure 10
presents the upper and lower estimated GWP of different recycling technologies using
projected 2025-2050 UK electricity grid mix and projected 2025-2050 UK mixed WTB
feedstocks. Note that no analysis was conducted for Mechanical+ EoL scenario prior to
2028. This is because carbon fibre is projected to enter the WTB waste stream in 2028,
therefore removal of carbon fibre spar caps is not possible in earlier years.
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Figure 10. Upper and lower estimated GWP of different recycling technologies using four projected
2025-2050 UK electricity grid mix scenarios and projected 2025-2050 UK mixed WTB feedstocks.

The GWP of recycling routes with relatively low electricity consumption (mechanical,
mechanical+, and thermo-oxidative) are not significantly affected by the grid mix scenario,
giving greater confidence in projections made in this study. Under current level of develop-
ment, pyrolysis and solvolysis are expected to have high electricity consumption (per kg of
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Gate-to-Gate GWP (kg CO,e./kg WTB)

WTB processed) which results in greater variation in GWP across the future grid mix
scenarios, which is illustrated in Figure 10. However, given the longer-term convergence
to net zero for each of the grid mix scenarios, the duration for pyrolysis and solvolysis to
achieve a GWP of 0 kg COze. per kg WTB waste or less (excluding additional technology
developments) are not affected by the future grid mix scenario. As such, uncertainty in
future grid mix is not expected to affect the long-term projections made for each of the
recycling technologies assessed.

3.4. Scenario 4: Impact of Technology Developments with Mono-Sourced Feedstocks

This section discusses the GWP of WTB recycling using various levels of pyrolysis
and solvolysis technology development (as described in Table 1), with GF WTB and GF/CF
hybrid WTB mono-sourced feedstocks. Figure 11 shows that the technology develop-
ments evaluated can significantly reduce the GWP associated with both pyrolysis and
solvolysis and should therefore be pursued. This is particularly true for GF WTB feed-
stocks (Figure 11a), where TD_2 yields a GWP of zero or less for solvolysis and pyrolysis
respectively.
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Figure 11. GWP of WTB recycling using various level of developments of pyrolysis and solvolysis
with (a) GF WTB and, (b) GF/CF hybrid WTB feedstocks, TD_0—No Tech. Development, TD_1—Tech.
Development 1, TD_2—Tech. Development 2.

Figure 11a reveals that achieving net zero GWP recycling of GF WTB through pyrolysis
is expected to be feasible through a combination of strategies: (1) reducing electricity
and natural gas consumption through self-sustained heating, while (2) minimising GHG
emissions from polymer combustion by condensing the majority of pyrolysed polymer
fraction, and (3) utilising the majority of the pyrolysed polymer fraction.

The utilisation of the pyrolysed polymer fraction is critical for decarbonisation of
the pyrolysis process. If the polymer fraction is not utilised, then it is classified as a
waste/by-product, and the burden of disposal is contained within the system boundary
and attributed to the WTB waste. Given the chemical and physical nature of the pyrolysed
polymer fraction, this would be classified as hazardous waste, and is anticipated to require
incineration (with or without energy recovery). As such, condensing the polymer fraction
can reduce the GHG emissions coming directly from the pyrolysis recycling process, but
to avoid simply producing these GHG emissions in downstream disposal activities (still
within the system boundary), the pyrolysed polymer fraction must be utilised and therefore
categorised as a product of the recycling process. The focus of pyrolysis development
should be on enabling self-sustained energy operation while minimising the mass of
pyrolysis products combusted to minimise direct GHG emissions. In the short term, it is
recommended to establish low-value petrochemical applications for pyrolysed polymers,
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with longer-term research concentrating on maximising the value and avoided burden of
more refined products.

Figure 11a shows that net zero GWP recycling of GF WTB through solvolysis is
expected to be feasible through a combination of strategies: (1) a significant reduction
in energy demand, with (2) recovery and high value utilisation of solvolysed polymer
products, which is particularly important to mitigate the GHG emissions associated with
incineration of waste organics produced (as discussed for pyrolysis already). Figure 11a
shows that utilisation of solvolysed organics as low value naphtha replacement (TD_1)
is insufficient to overcome the high impacts associated with the method of solvolysis
analysed in this study. Net zero GWP recycling therefore requires the recovered polymer
fractions to be used in applications which can yield a greater avoided burden. Recovery of
usable matrix polymers from analogous composite structures has been demonstrated using
chemical based recycling process for standard epoxy systems using targeted catalysed
decomposition [46]. Most solvolysis recycling technologies for composite materials remain
at low TRL and is therefore a lack of published data to conduct LCA for these more
advanced methods. Nonetheless, development strategies aimed at enabling net zero
GWP solvolysis recycling of GF WTBs should prioritise methods to (1) reduce energy
demand, (2) prevent the incineration of waste organics by identifying high-value reuse
applications, and (3) avoid the use of solvents, catalysts, or chemical inputs that have a
high environmental impact during production, and which cannot be efficiently recovered
and reused.

There are numerous proposed solvolysis recycling methods for composite material
waste similar to WIBs, each employing different chemistries, such as various solvents
and catalysts [47]. The trade-offs between the energy demands of these processes and the
chemicals used will influence both the impact of climate change and economic viability of
chemical recycling and must therefore be considered. Furthermore, the various chemicals
used in recycling are likely to affect different impact categories uniquely. This includes
the environmental impacts associated with their production, potential direct emissions
generated during the recycling process, potential avoided burden from different secondary
polymer products, and the disposal of waste byproducts. Since this study’s impact assess-
ment is limited to GWP, it cannot capture the full range of environmental effects associated
with different solvolysis methods. Consequently, a more comprehensive assessment is
necessary to fully understand the trade-offs and impacts of these recycling strategies.

There is a risk of both pyrolysis and solvolysis recycling appearing to achieve net
zero GWP by classifying the reclaimed polymer fractions as a “product”, regardless of
how they are utilised in downstream processes (because these downstream processes fall
outside the current system boundary). For example, if the reclaimed polymer products are
sold directly for energy (e.g., to heat other processes through combustion), then using the
current approach the GHG emissions that are produced would be attributed to another
product/process system boundary. Likewise, utilising the reclaimed polymer fractions
as feedstock for the petrochemical industry may result in refinement into fuels which are
ultimately combusted. For example, replacing naphtha as feedstock for catalytic reforming
will result in the production of hydrocarbon fuels (high-octane gasoline, paraffin, gaseous
fuels) from the reclaimed polymer fractions. As such, the value of the reclaimed polymer
fractions remains, in part, due to its potential to ultimately be utilised as a fuel product.

From a consequentialist perspective, the same GHG emissions are produced whether
the WTB polymer waste is (1) combusted within the pyrolysis process itself, (2) incinerated
downstream as part of waste disposal, (3) used directly as fuel without refinement, or
(4) used as fuel following refinement. To mitigate this potential burden shifting, it is critical
that recyclers identify routes to market for reclaimed polymer fractions that reduce/mitigate
their use as fuels. As mentioned before, utilising as feedstock for catalytic reforming will
result it in the production of hydrocarbon fuels, however, a proportion of the reclaimed
polymer products could be converted to aromatic bulk chemicals (such as benzene, toluene,
xylene, and ethylbenzene) which have diverse uses, most importantly as raw materials
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for conversion into plastics. Catalytic reforming may therefore be a short-term route to
reduce the fraction of reclaimed polymer products utilised as fuel, with a longer-term view
to enable their use in higher-value downstream petrochemical processes or by end users.

3.5. Scenario 5: Impact of Technology Development with Future Grid Mix and Mixed Feedstock

Figure 12 gives the GWP of recycling technologies and TD_2 development scenarios
using projected 2025-2050 UK (System transformation) electricity grid mix and projected
2025-2050 UK mixed WTB feedstocks. As described in Table 2, mechanical+ recycling
assumes the CFRP spar cap is recycled using pyrolysis with TD_2 developments. Given
the assumptions made in projecting the impact of pyrolysis and solvolysis technology
developments, it is not possible to make confident strategy recommendations from Figure 12
alone, rather it should be used as a means of steering and prioritising future research in
this area.
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Figure 12. GWP of recycling technologies and TD_2 development scenarios using projected 2025-2050
UK (System transformation) electricity grid mix and projected 2025-2050 UK mixed WTB feedstocks.

As was depicted in Figure 9, long term strategies must include CF recycling to min-
imise overall GWP. Mechanical recycling is therefore a critical strategy which should be
prioritised in the short-term (where there is no or low CF content) but should not be the
sole focus of recycling technology development. Figure 12 suggests that with sufficient
development, pyrolysis and solvolysis technologies (as described in Table 1 and presented
in Figure 11) could approach mechanical+ recycling in terms of gate-to-gate GWP for future
UK mixed WTB waste streams.

Additional practical advantages do exist for pyrolysis and solvolysis methods that
may make them preferable solutions to mechanical based processes. Unlike mechan-
ical/mechanical+ recycling, pyrolysis and solvolysis can produce clean GFs, which is
expected to broaden their applications and have a greater market demand. Moreover, clean
GFs have the potential to be remelted back into virgin-like GF products [48]. This could
produce drop in solutions for secondary GF in WTB manufacturing, and truly close the
loop on GFRP waste, which is not expected to be feasible using mechanical recyclates.

The analysis depicted in Figure 13 considers the impact of uncertainty in the future
grid mix on the GWP projections for both pyrolysis and solvolysis recycling across the
three technology developments. The GWP of each recycling technology development was
evaluated between 20252050 for each of the UK electricity grid mix scenarios (Falling short,
Leading the way, System transformation, and Consumer transformation), with Figure 13
presenting the range encompassing the highest and lowest GWP values for each year
assessed. Figure 13 shows that scenarios with no technology development (Pyrolysis TD_0
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and Solvolysis TD_0) produce greater variation in GWP, due to higher electricity demand
compared to TD_1 and TD_2 scenarios.
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Figure 13. GWP range estimated for three levels of pyrolysis (top) and solvolysis (bottom) recycling
technology development using projected 2025-2050 UK electricity grid mix (Falling short, Leading
the way, System transformation, and Consumer transformation) and projected 2025-2050 UK mixed
WTB feedstocks.

However, Figure 13 also shows that for TD_1 and TD_2 scenarios (both pyrolysis and
solvolysis), variation in the GWP range each year varies overtime and tends to increase
between 2045 and 2050. That is to say, the difference between the highest and lowest GWP
estimates (across the future grid mix scenarios) tends to increase over time towards 2050.
By mitigating demand for grid electricity through technology development in TD_1 and
TD_2 scenarios, this relationship may be counterintuitive. This phenomenon is explained
by the growth in CF content in the WTB waste stream (particularly between 2045 and
2050), which accounts for most of the avoided burden of recycling. The potential avoided
burden from secondary CF products is dependent on the GWP to produce virgin CF, which
itself is highly influenced by the electricity grid mix scenario. Therefore, while the burden
associate with recycling for TD_1 and TD_2 scenarios is minimally affected by the grid mix
scenario, the avoided burden credited to the system through secondary CF production is
highly impacted by the grid mix used. Regardless, the variation in GWP across scenarios
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is relatively small and does not change the findings and recommendations made within
this study.

4. Discussion

This study has highlighted the importance of recycling technologies that enable the
valorization of polymeric fractions of blade waste, emphasising the need for better control
over the composition of recycled polymer fractions to ensure their suitability for secondary
use. Research efforts should prioritise the development of separation and purification
techniques to enhance the quality and purity of recycled polymers. Additionally, exploring
novel methods for modifying and functionalising recycled polymers could expand their
applicability in diverse industries. This could be facilitated by improved data capture
during blade manufacturing and through life and sharing of that across the supply chain
to support recyclers to tailor recycling processes effectively and create valuable products.
Assessing material trends in wind blade manufacturing, including how these trends have
evolved over time, is essential to refine regional blade waste composition projections and
provide developers with the confidence to invest in scaling up recycling technologies. Con-
currently, the standardisation of product passports, which communicate the composition
of waste materials entering recycling facilities, should be pursued to ensure consistent
quality assurance of recycled products. By addressing these key areas through targeted
research and development initiatives, the effectiveness and economic viability of wind
blade recycling technologies may be significantly enhanced.

Analysing market demand dynamics for secondary carbon fibre products and mechan-
ical recyclates from end-of-life wind turbine blades, including supply and demand trends,
price points, and industry acceptance, is essential for the economic viability and success of
recycling programs. Secondary carbon fibre and blade mechanical recyclates will compete
with virgin materials in terms of quality, consistency, and cost relative to performance.
Identifying industries with a high potential for incorporating recycled materials, such as
automotive and construction, could help target market entry points and foster acceptance.
Market analysis should also consider regulatory influences and consumer preferences,
which could drive demand for sustainable materials.

Finally, to support the economic feasibility of wind turbine blade recycling, policymak-
ers should consider implementing targeted incentives and policy measures. These could
include tax credits or subsidies for companies investing in recycling technologies, grants
for research and development to improve recycling processes, and financial support for
pilot projects to demonstrate the viability of new methods. Additionally, implementing
regulations that mandate sustainable EoL treatment (e.g., reuse, repurpose, recycle) for
decommissioned blades and establishing minimum recycled content requirements for new
blades could create a stable demand for recycled materials. Establishing standardised
regulations and guidelines for wind blade recycling at both national and international
levels could create a cohesive approach, ensuring consistency and efficiency in recycling
practices. International cooperation through agreements and partnerships can promote
technology transfer, share best practices, and harmonise standards, making it easier for
countries to adopt and implement effective recycling strategies. Additionally, creating
global platforms for collaboration and funding could support research and development,
addressing common challenges and driving innovation in recycling technologies. By
fostering a collaborative international environment, policymakers could ensure that the
benefits of wind blade recycling are maximised and that the transition to sustainable energy
infrastructure is both economically and environmentally viable.

5. Conclusions

The expected increase in CF within the mixed WTB feedstocks is a crucial factor in
assessing the long-term impact of recycling strategies. This CF content growth expands
the potential for avoided burden related to secondary CF products, favouring technologies
capable of recovering CF from the mixed WTB waste stream.
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In the short to medium term, between 2025-2040, mechanically recycling mixed WTB
waste is likely to be sufficient to minimise GWP. This is due to the scarcity of CF in the waste
stream in this time frame, meaning that significant gains from targeted CF recycling are not
available. From 2040 onwards, strategies must include CF recycling to minimise overall
GWP. Mechanical+ recycling should be pursued, given the significant potential to reduce
GWP compared to all other recycling strategies assessed. The supply chain to deal with
these materials should be in place by at least 2040 to capitalise on the surge in CF present
with the mixed WTB waste stream. It is imperative that future design should prioritise
facilitating CFRP spar cap removal and/or decommissioners devise methods for extracting
CFRP spar caps and facilitate the commercialisation of large-scale CFRP structure recycling
technologies, ensuring the establishment of supply chains and the validation of market
routes for secondary CF products.

In the interim, scaling up low-impact solutions like mechanical recycling is crucial
to reduce landfilling of WTB waste. Developing use cases and establishing cost-effective
routes to market for mechanical recyclates are essential for replacing virgin GF, with a focus
on optimising upstream recycling processes based on product requirements.

With sufficient development, pyrolysis and solvolysis technologies could match the
gate-to-gate GWP of mechanical+ recycling for future UK mixed WTB waste streams.
Furthermore, they could enable a closed-loop solution for fibre and polymer products,
which cannot be realised for mechanical/mechanical+ recycling. Methods should be
pursued which can reduce the energy consumption and direct emissions associated with
pyrolysis and solvolysis, in addition to reclaiming resin fractions capable of offsetting
feedstock chemicals.

While this study used the UK as a case study, the overarching conclusions toward
decarbonising WTB waste treatment are expected to converge with regions with similar
Net Zero 2050 targets. Regardless, differences in regional waste compositions, economic
conditions, and regulatory environments must also be considered when identifying optimal
technology development strategies.
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Appendix A. Sensitivity Analysis

A sensitivity analysis was conducted for recycling scenarios, to study the robustness
of results and their sensitivity to uncertainty factors in the LCA. Based on their contribution
to the resulting gate-to-gate GWP in Figure 7, the following impact sources from Figure 7
were assessed:

Recycling electrical energy
Recycling thermal energy
Recycled material avoided burden

Table A1 described the LCI parameters that were varied in the sensitivity analysis,
informed by the impact sources of interest presented above. All parameters were variated
between £50% from the assumed valued used in the LCA, and their impact on the total
GWP quantified. The sensitivity analysis was conducted using “Scenario 1” conditions
(e.g., using 2025 “System transform.” UK grid mix) with mono-sourced feedstocks.

Table A1. LCA sensitivity analysis description.

Assessed for Blade Scenario?

LCI Parameter Varied Variation from (Y/N)
Impact Source in Sensitivity LCI Parameter Description
A Assumed Value GF/CF Hybrid
Analysis GF WTB
WTB
. - Total electricity consumed
Recycling Electricity . o
electrical energy consumption m gate—to—ge.ite systerr.l +50% Y Y
boundary during recycling
. Total natural gas consumed
Recyclin; Natural gas . o
therma}lll on fr gy Consump%i on in gate-to-gate system +50% Y Y
boundary during recycling
Recycled material GF knockdown factor Recyded fibre knockdown +50% Y Y
avoided burden factors used to assessment 3
CF knockdown factor 5y 0ided burden in Table 4. +50% N Y

The sensitivity analysis was conducted for both the GF WTB and GF/CF hybrid
WTB scenarios, with results for each of the relevant recycling strategies presented in
Figures Al and A2 respectively. The bars show the GWP values obtained under the as-
sumed baseline conditions (those utilised in the Scenario 1 in the main body of the LCA),
while the error bars show the upper and lower GWP values obtained when applying the
£50% variation to each of the selected LCI parameters in isolation.

It should be noted that advancements in technology and scaling up will likely lead
to reductions in both “Electricity consumption” and “Natural gas consumption” metrics.
Therefore, any inaccuracies in these estimates are likely to result in more accurate figures
leaning towards GWP values in the lower range of the errors in Figures Al and AZ2.
Figures A1l and A2 show that the resulting GWP from solvolysis recycling is particularly
sensitive to electricity consumption. This is because published energy consumption of this
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process is higher compared to other recycling technologies. Similarly, pyrolysis is most
sensitive to natural gas consumption for analogous reasons. Regardless, Figures Al and A2
demonstrate that the GWP values for a given recycling technology generally exhibit a
relatively narrow range, despite the large +50% variation applied to each of the scrutinised
LCI parameters. Although the resulting GWP values are influenced by uncertainties in
the LCI parameters, the range produced during the sensitivity analysis does not alter
the overall GWP trends between recycling strategies. Therefore, the study’s conclusions
regarding strategy prioritisation remain valid using the assumed LCI parameter values.
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Figure A1. Results from sensitivity analysis for GF WTB scenario—no error bar is presented if the
GWP value is not influence by the LCI parameter assessed (e.g., “Natural gas consumption” for
mechanical recycling).
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Figure A2. Results from sensitivity analysis for GF/CF hybrid WTB scenario—no error bar is
presented if the GWP value is not influence by the LCI parameter assessed (e.g., “Natural gas
consumption” for mechanical recycling).
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