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ARTICLE INFO ABSTRACT

Editor: Prof. Shabbir Gheewala The decommissioning of wind turbines is expected to generate large volumes of composite wind turbine blade

(WTB) waste that should be handled properly to avoid negative effects on the environment. Despite the growing

Keywords: interest in sustainable life cycle management (LCM) strategies applicable to WTBs, circularity indicators are still
Clrc‘ﬂarfty assessment rarely used to support decision-making processes. This study addresses this gap by evaluating the scope and
Compom,es_ . practical applicability of circularity indicators across WIB-LCM pathways, stages, and processes. A systematic
Decommlssmmng

literature review was conducted covering 158 peer-reviewed papers and identifying 120 circularity indicators,
which were subsequently screened using three complementary matrices (extended RACER, circular composite
design, and wind sector-specific criteria). This process led to the selection of 13 indicators considered most
relevant to the wind industry. Although no single indicator comprehensively captures circularity across all stages
and dimensions, the Materials Efficiency Metric was identified as the most suitable for the beginning and middle
stages of the life cycle, while the Carbon Footprint Formula was considered most appropriate for the end-of-life
stage. Nonetheless, both exhibit relevant limitations for decision-support in practice, as none of the selected
indicators fully captures composite-specific quality parameters, such as fibre degradation, resin compatibility, or
the potential for reintegration into high-value applications. Building on these findings, the study identifies three
main directions for future research: (i) the development of circularity indicators that incorporate underlooked
life cycle stages, such as installation, operation and maintenance; (ii) the integration of material quality pa-
rameters, such as fibre integrity and resin compatibility, into the design of new indicators; and (iii) the analysis of
empirical case studies to determine the maximum circularity performance that could be achieved across the LCM
of WTB, in order to support the development of circular innovations. These areas are essential for advancing
more comprehensive, system-level assessments and supporting effective strategies for the sustainable energy
transition.

End-of-life management
Wind industry
Wind turbine blade recycling

wind turbine blades (WTBs) at their end-of-life (EoL) (Diez-Canamero
and Mendoza, 2023). WTBs are made from a complex mixture of ma-

1. Introduction

The European Union (EU) has set the goal to achieve carbon
neutrality, aiming to supply 32% and 48% of its total electricity re-
quirements with renewable energy sources (RES) by 2030 and 2050,
respectively (European Commission, 2023). In this context , wind en-
ergy is one of the fastest growing RES and the EU seeks to increase its
capacity from 18.3 GW (2023) to 393 GW (95%) by 2030 and 1300 GW
(98%) by 2050 (Costanzo et al., 2024).

However, wind turbines (WTs) have a relatively short operational
lifespan (20-25 years), creating difficulties, particularly in managing

terials, including glass and/or carbon fibres, thermoset composites,
balsa wood and/or foams, and several coating and metals (Mishnaevsky
et al., 2017). This complexity, combined with the growing size and
weight of WTs, and the irreversible nature of thermoset composites,
makes their recycling both technically and economically challenging
(Kazemi et al., 2021).

Therefore, the sustainable life cycle management (LCM) of WTBs is
being targeted by industry professionals, researchers and policymakers
as a key area for circular innovation (Mendoza et al., 2022). It is
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estimated that WTB waste could account for 66,000 tonnes in 2025
(Schmid et al., 2020) up to 570 Mt by 2030 in the EU alone (Liu and
Barlow, 2017) . Some EU countries, such as Germany or Finland
(Chatziparaskeva et al., 2022), have banned WTBs landfilling, to pro-
mote sustainable choices based on the hierarchy of circular economy
(CE) strategies (Konietzko et al., 2020) and the so-called R-solutions
(refuse, reduce, reuse, repair, refurbish, remanufacture, repurpose,
recycle, recover, remine) (Reike et al., 2022).

The implementation of CE strategies for sustainable WTB-LCM can
be used to minimise resource extraction, while efficiently managing
upcoming waste streams to reduce environmental impacts (Diez-
Canamero and Mendoza, 2023). This can be achieved through: i) nar-
rowing resource loops (reducing material consumption), ii) slowing
resource loops (extending products and materials lifecycles), iii) closing
resource loops (recycling materials) and iv) regenerating resource flows
(maintaining sustainability across generations) (Konietzko et al., 2020;
Mendoza et al., 2022). Consequently, the assessment of alternative cir-
cular and sustainable WTB-LCM (especially focused on design,
manufacturing waste and EoL. management), has emerged as a topic of
interest for academic and industrial research, within the framework of
the EU CE Action Plan (European Commission, 2020).

2. State of the art

Focusing on alternative WTB design, Mishnaevsky et al. (2017)
examined the materials used in WTBs (glass fibres, carbon and hybrid
composites), including their properties, manufacturing methods and
challenges associated with degradation during operation. They high-
lighted the need to automate manufacturing to reduce costs, improve
quality and address the challenges of increased size while maintaining
sustainability and structural integrity. Bonou et al. (2016) proposed an
eco-design framework for WTs, which applied of the life cycle assess-
ment (LCA) (ISO, 2006). According to the authors, this approach can
identify environmental hotspots and improvement opportunities in high
impacts WTB materials and manufacturing. Previous studies do not
include circularity indicators to assess WTB design efficiency, which
prevents the identification of material improvements from another
perspective complementary to LCA.

Several authors have investigated strategies to reduce WTB
manufacturing waste Oliveira et al. (2020) analysed the incorporation of
WTB manufacturing waste into Portland cement mortar production,
reducing dependence on natural resources and enhancing waste recov-
ery. In contrast, Hao et al. (2020) study the use of recovered carbon
fibres from WTBin high-value applications to close the material cycle.
They identified economic, technical, and regulatory barriers and em-
phasises the need to expand the use of recycled fibres in new applica-
tions. Additionally, Psomopoulos et al. (2019) examined WTB waste
management from a CE perspective, focusing on recycling technologies
such as pyrolysis and mechanical recycling. However, the lack of mar-
kets for recycled materials and the technical and economic challenges of
these technologies have hindered progress in this area . Despite these
advances, the aforementioned studies lack a systematic approach that
integrates circularity and LCA indicators to assess resource efficiency
across recovery strategies. Incorporating these indicators would allow
for a more comprehensive and scalable circularity assessment, to sup-
port the development of economically and environmentally viable so-
lutions for WITB manufacturing waste.

As regards EoL management, Beauson et al. (2022) reviewed various
WTB-EoL management pathways, including dismantling, reuse, recy-
cling, and material recovery, highlighting the importance of conducting
LCA to identify the most environmentally sustainable options. Never-
theless, the study did not employ circularity metrics to obtain additional
insights into resource efficiency. Similarly, Lund and Madsen (2024)
emphasised the need for further empirical studies on the WTB-EoL value
chain, particularly regarding the development of standardised disman-
tling guidelines. Although their proposed roadmap outlines a framework
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for sustainable WTB-EoL management, it lacks methodological guidance
for conducting quantitative scenario comparisons and does not offer a
specification of the most appropriate circularity indicators for
assessment.

In a complementary approach, other studies analyse EoL. manage-
ment, focusing on circularity and LCA. Morini et al. (2021) analyse the
environmental impact of WTBs using energy and carbon footprint in-
dicators to support material selection in the design stage. Their findings
demonstrate that replacing the resin with an epoxy/glass fibre resin
significantly reduces embodied energy and carbon footprint. However,
the study focuses only on energy-related indicators and system footprint,
without incorporating complementary circularity indicators that assess
material efficiency. Integrating additional indicators would enhance the
analysis by accounting for resource optimisation and the sustainability
of the system’s life cycle.

In another study examining WTB repurposing, Nagle et al. (2022)
evaluate three scenarios for carbon footprint reduction, stressing the
importance of integrating CE strategies into material repurposing to
maximise environmental and economic benefits. However, the analysis
relies exclusively on the LCA methodology, which limits its scope, as
LCA studies alone may not cover technical and quality specifications for
products. Combining uenvironmental indicators and circularity in-
dicators to provide a more accurate view of the resource and environ-
mental impacts of products (Picatoste et al., 2024).

More recently, some studies have begun to apply circularity in-
dicators to the assessment of wind energy technologies. For instance,
Gast et al. (2024) assessed the circularity of three onshore WTs in Ger-
many by calculating a technology-level Circularity Index (CI) (Cullen,
2017) based on material flow analysis and energy inputs. Similarly,
Adibi et al. (2017) proposed and applied a Global Resource Indicator
(GRI) within a case study focusing on WTs to complement LCA methods
in evaluating resource availability. The GRI encompasses dimensions of
scarcity, recyclability, and geopolitical availability, thereby providing a
more nuanced evaluation of material circularity. Vestas (2019) incor-
porated circularity considerations into its LCA of the V117-4.2 MW WT
by calculating a Material Circularity Indicator (MCI) (Goddin et al.,
2015). Although calculated independently of impact categories, the MCI
provided significant insights into the potential for material recovery and
reuse. Furthermore, expanding upon this trend, Demuytere et al. (2024)
conducted a prospective circularity analysis on the decommissioning
phase of an offshore wind farm in the North Sea. The research intro-
duced a novel set of circularity indicators that concentrated on material
flows and EoL destinations. This study underscores the disparity be-
tween materials and components concerning circular performance,
emphasizing the necessity for material-specific collection or recycling
targets to mitigate resource loss and enhance circular decommissioning
pathways. Additionally, Kasner (2022) developed an integrated envi-
ronmental efficiency indicator to assess material use across the life cycle
of a wind farm. The indicator establishes a relationship between envi-
ronmental inputs (emissions and cumulative energy demand) and the
output of electricity generation, enabling a time-dependent evaluation
of material efficiency across life cycle stages. It was applied within a
wind farm case study, combining this novel metric with conventional
LCA approaches to enhance the assessment of material use from a CE
perspective. These studies offer circularity-related quantitative infor-
mation and illustrate the need to integrate material efficiency and
quality of recovery into EoL assessments for wind technologies. How-
ever, circularity assessment remains in its infancy, and the number of
studies combining both LCA and circularity metrics—especially in the
wind sector—remains limited. Moreover, most existing analyses focus
on aggregate technology levels or on simplified scenarios, without
differentiating between LCM pathways or assessing the indicator
applicability across specific WTB stages and processes.

A notable contribution is the work of Diez-Canamero and Mendoza
(2023) which explores EoL strategies for WIBs by applying both the
Product Circularity Indicator (PCI) (Bracquené et al., 2020) and Global
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Warming (GW) impact (calculated by LCA) (Heijungs, 2014). The au-
thors identified limitations in existing circularity metrics, particularly
the lack of variables related to the quality and destination of recovered
materials. While the study contributes to the integration of circularity
and environmental assessment, it also exposes several critical limita-
tions that reflect broader methodological gaps. First, the analysis is
based on the consideration of a single circularity indicator, which limits
the capacity to capture the multifaceted nature of the product circular
performance. As a result, important aspects such as material degrada-
tion, technological feasibility, and the quality or of secondary materials
were narrowly addressed. Secondly, although the study advocates for a
life cycle perspective and the use of multiple indicators across different
analytical levels (micro, meso, macro), it does not offer a concrete
framework or criteria for selecting or integrating these indicators. This
demonstrates the lack of structured and operational tools to evaluate
circularity indicators and support decision-making in circular design
and EoL strategies for WTBs.

This paper, therefore, evaluates the scope and applicability of
circularity indicators promote the sustainable WTB-LCM strategies. By
analysing both their theoretical foundations and practical implementa-
tion, the study aims to support their broader adoption in the wind en-
ergy sector. Accordingly, the specific goals have been defined as follows:

e Characterise resource flows and sustainability aspects across key
WTB-LCM stages to establish the key material flows within the sys-
tem, providing the foundation for assessing indicator coverage
(section 3.1).

Assess the scope of circularity indicators by evaluating their rele-
vance through three screening matrices to identify the most suitable
indicators: RACER (Relevance, Acceptability, Credibility, Ease of
Monitoring, and Robustness), composite circular design principles,
and wind industry-specific circularity criteria (section 3.2).
Examine the applicability of the most relevant indicators by ana-
lysing their variables in relation to WTB-LCM processes and resource
flows (section 3.3).

3. Research methodology

A three -step methodology was applied, as illustrated in Figure 1.

The first step involved the definition of WTB-LCM pathways to
characterise thetechnical, economic, environmental and social aspects
associated with each life cycle stage, process, and resource in- and
outflow (see section 3.1). In parallel (step 2), circularity indicators were
i) identified through a systematic literature review, ii) screened using
predefined criteria evaluation matrices, and iii) classified into sustain-
ability dimensions, CE solutions, life cycle stages and resource flows (see
section 3.2). In step 3, the scope and applicability of the selected in-
dicators were subsequently determined by analysing the link between

1 Characterisation of WTB-

LCM pathways
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their variables (formulas) and the resource in- and outflows from the
WTB-LCM stages and processes (defined in step 1) (see section 3.3).
Guidelines and recommendations for the creation of new circularity
indicators are provided. Additionally, the study provides insights for
fostering circular innovations and supportive policies to enhance sus-
tainable WTB-LCM management (see Section 5).

3.1. Characterisation of WTB-LCM pathways

3.1.1. Definition of WTB-LCM pathways

Alternative WTB-LCM pathways were defined from design to EoL.
The WTB life cycle was divided into three main phases: the beginning of
life (BoL), the middle of life (MoL), and the EoL. Typically, BoL and MoL
follow similar processes —design, manufacturing, installation, and
operation and maintenance— following proposed approaches by Chan
and Mo (2017) and Nixon-Pearson et al. (2022), although alternative
designs can influence downstream phases.In contrast, the EoL phase
depends on the end goal of each wind farm decommissioning project
(Gaborieau et al., 2023). There exist six major pathways, each corre-
sponding to the most common circular waste management strategies
—reusing, repurposing, recycling (mechanical, thermal, and chemical),
and co-processing— in alignment with the strategies proposed by
Kramer et al. (2024) and Lund and Madsen (2024) (Figure 2).

The BoL phase of WTB begins with the design (DS) and
manufacturing (MN) stages, in which material selection and production
techniques significantly influence performance and recyclability (Nixon-
Pearson et al., 2022). Conventional WTB design typically relies on
composite materials such as fiberglass or carbon fibre-reinforced poly-
mers (Schubel and Crossley, 2012). Manufacturers select these materials
for their structural efficiency, while alternative compositions and
manufacturing approaches significantly influence the circularity po-
tential of WTBs (Veers et al., 2022). After production, quality control
inspections verify structural integrity before transporting (T) WTBs to
installation sites.

Thereafter, the WTBs enter the MoL phase, where they are installed
(IN) on wind farms using cranes designed to support the weight of the
WTB and ensure accurate alignment with the hub (Hechler and Opera-
tions, 2019). Once in place, the WTBs typically remain in service for
20-25 years, undergoing regular maintenance (O&M) and periodic re-
pairs to maintain their performance and structural integrity (Besnard
and Bertling, 2010). Finally, at the EoL, WTBs are dismantled (DM) and
directed into various waste management pathways, including reuse
(RE), repurposing (RP), recycling (mechanical (MR), thermal (TR), and
chemical (CR)) and co-processing (CP). In many cases, WTBs must be cut
into smaller segments (typically around 5 meters) immediately after
dismantling in the field to enable cost-efficient transportation. This on-
site processing significantly reduces logistical burdens but generates
considerable particulate emissions, primarily dust produced during the

2 Characterisation of circularity

indicators

Screening, * Indicator screening

matrices

*Sustainability dimensions
(economic, social and
environmental)

*CE strategies

*LCA stages

*Key resource flows

circularity
indicators

characterisation of
circularity indicators

Selection of circularity
indicators

3Scope assessment and applicability
of circularity indicators
Analysis of alignment between
circularity indicators’ variables and
WTB-LCM process's resource flows

Figure 1. Research methodology. Acronyms: WTB-LCM (Wind Turbine Blade- Life cycle Management); CE (Circular economy); LCA (Life cycle assessment).
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Figure 2. WTB-LCM pathways diagram. Acronyms: DS (Design); MN (Manufacturing); IN (Installation); O&M (Operation and Maintenance); DM (Dismantling); T
(Transport); CT (Cutting); SH (Shredding); RE (Reuse); RP (Repurposing); MR (Mechanical Recycling); TR (Thermal Recycling); CR (Chemical Recycling); CP (Co-

processing); BoL (Beginning of life); MoL (Middle of life); EoL (End of life).

sawing, grinding, or sanding of composite materials. These airborne
particles pose serious concerns due to their potential environmental
impacts and occupational health risks, including the inhalation of
respirable fibres and synthetic polymer fragments. Such risks are exac-
erbated when cutting occurs without adequate containment or protec-
tive measures. To mitigate these effects, several strategies can be
implemented, such as utilising local dust extraction systems, employing
wet cutting techniques to suppress particle dispersion, deploying mobile
containment solutions, or, when feasible, performing segmentation at
off-site, controlled facilities. Although transporting whole WTBs in-
creases logistical complexity and costs, it enables better control of
emissions and safer working conditions. Ultimately, the choice of waste
management pathway depends on the condition of the recovered ma-
terials and the applicable treatment strategies, with the overarching aim
of extending material lifespans, reducing waste generation, and max-
imising resource recovery (Lund and Madsen, 2024).

Section S1 in the Supporting File (SF) provides detailed descriptions
of the processes involved in each lifecycle stage (BoL, MoL, and EoL).

3.1.2. Characterisation of the WIB-LCM pathways

Firstly, each stage of the WTB life cycle was characterised by four
aspects: technical, economic, environmental, and social (positive and/or
negative). Although the technical aspect is not typically included in the
conventional sustainability triad, it was incorporated in this work to
encompass critical process-related characteristics (e.g., complexity,

Identification of studies via databases
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scalability, maturity) that are essential for comparing the feasibility of
implementing each pathway. The criteria for each aspect were deter-
mined based on the specifications outlined by Beauson et al. (2022),
Jakobsen (2021), Joustra et al. (2021) and Nixon-Pearson et al. (2022).

Secondly, the main resource flows for each WTB life cycle stage were
identified by analysing the inputs, transformations, and outputs of the
technical processes involved. This analysis was conducted by the au-
thors based on a review of scientific literature and technical reports
(Caro et al., 2023; Lund and Madsen, 2024; Nixon-Pearson et al., 2022;
Sproul et al., 2023) aiming to characterise each stage in terms of ma-
terial and energy exchanges. This comprehensive mapping of resource
flows provided the basis for evaluating the scope and applicability of
circularity indicators by linking flow characteristics to indicator vari-
ables (see Section 4.2).

3.2. Characterisation of circularity indicators

3.2.1. Identification of circularity indicators

An analysis of academic literature, grey literature, and CE databases
(such as the Circle Economy Lab, 2024) was conducted to identify
circularity indicators applicable to the wind industry and, assess the
LCM of WTBs. This led to the identification of 158 documents for
detailed evaluation, as illustrated in Figure 3.

Table S1 (section S2) in the SF presents the combination of search
streams and keywords used, together with the hits obtained by using

Identification of studies via other methods

Records identified from:
«Citation searching (n = 12)
*European reports (n = 4)
*Regulations (n = 1)
*Industrial reports (n =4)

Records identified from:

Circularity indicators
databases (n= 15)

21 additional
resources from
academic and
grey literature

15 circularity
indicators from |
databases

Figure 3. Systematic literature review, based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram (Page

et al., 2021).
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SCOPUS search engine. The first literature search was carried out by
filtering documents by title, abstract, and keywords. Only articles
written in English and published between 2010 and 2024 were
considered.

After performing three searches (see Table S1), 258 documents were
identified, which was reduced to 226 after eliminating duplicates.
Subsequently, the sample was screened by reading the abstracts and
eliminating documents not relevant to the study (e.g., out of scope, in-
dicators not addressed, or indicators specifically developed for tech-
nologies or product systems outside the wind industry with no
meaningful transferability), which reduced the sample by 75 docu-
ments. This ensured that only indicators either specifically tested in the
wind industry or with potential applicability to it were retained for
analysis. Finally, the resulting articles were read in full, eliminating
those less relevant (based on whether circularity indicators are
described and what extent), leading to the final sample of 122 docu-
ments. The analysis of journal papers was complemented by snowballing
method (Mourao et al., 2020), and the consideration of European reports
(e.g. Zampori, 2019), international regulations (e.g ISO 59020:2024),
and industrial reports (e.g. Tanda et al., 2023). This identified additional
circularity indicators, resulting in a further 21 documents for inclusion
in the review. The final step focused on identifying and analysing 15
circularity indicator databases (e.g. Eurostat, 2025). The analysis of this
grey literature contributed an additional 36 documents for analysis,
bringing the total number of reviewed documents to 158. From this
sample, a total of 120 circularity indicators were identified, of which
only 8 (6.7%) had been specifically applied to the wind industry, namely
those presented in the works of Diez-Canamero and Mendoza (2023),
Kasner (2022), Demuytere et al. (2024), Adibi et al. (2017), Mohamed
Sultan et al., (2017), and Sherwood et al., (2022). These eight constitute
the only documented applications in wind-related studies, yet they do
not guarantee comprehensive coverage of the specificities of WTBs
across their life cycle. The remaining indicators, although not previously
applied to assess wind technology cases, were retained because they are
defined in sector-neutral terms and can be parameterised with data
available for WTBs; thus, they present a credible potential for applica-
tion in this sector. For this reason, the subsequent analysis considered
the full set of 120 indicators, thereby exposing both the existing gap and
the opportunities for adapting circularity metrics to the challenges of
WTB-LCM.

3.2.2. Screening, categorisation, and characterisation of circularity
indicators

The scope of the 120 circularity indicators gathered from the liter-
ature review (which are listed and described in Table S2 of the SF) was
assessed by using three “indicators screening checklists” to select thos
most suitable to support sustainable LCM of WTBs:

e RACER (Robust, Accepted, Credible, Easy and Relevant) checklist
(Wiedmann et al, 2009) based on the ORIENTING project
(Bachmann et al.,, 2021), which was extended by incorporating
additional criteria proposed by Papageorgiou et al. (2021) and Patil
and Ramakrishna (2023). Seven key analytical blocks were consid-
ered: stakeholder acceptance, credibility and appropriateness,
applicability, transparency, scientific soundness, comprehensiveness
and compatibility with the life cycle thinking approach (each block
described in section S2 of the SF). The indicators were evaluated
using the scoring system proposed by the ORIENTING project
(Bachmann et al., 2021), which consists of assigning each criterion a
score on a scale from 1 (least applicable) to 5 (most applicable) (see
Tables S3 and S4 of section S3 of the SF for more details of the scoring
system). To minimise potential bias, each author independently
performed the scoring, after which the results were cross-checked
and discussed until consensus was reached. This procedure aligns
with methodological guidance, as reflexivity and structured
consensus are recognised strategies for enhancing the rigour,
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credibility, and validity of qualitative assessments, even when re-
searchers themselves act as evaluators (Darawsheh, 2014). By
explicitly identifying and resolving divergences, the process also
provided transparency and strengthened the robustness of the
RACER application while reducing the potential cascading effect of
subjectivity on subsequent phases of the analysis.

Of the 120 indicators analysed, 65 achieved an overall score ranging
from A- to A+, qualifying them for the next evaluation phase, as detailed
in Table S5 of the SF This selection threshold follows the guidelines
proposed by Wiedmann et al. (2009), where indicators scoring at least
A- are considered to meet a minimum level of robustness and relevance
for further application in sustainability assessment frameworks.

Although frameworks such as the enhanced RACER checklist involve
interpretive judgments, their use is widely accepted in both academic
and institutional contexts (European Commission, 2009; Wiedmann
et al., 2009) for evaluating the suitability of the indicators in the absence
of standardised benchmarks. This approach has been applied in EU-
funded projects such as IN-STREAM (Gerdes et al., 2011) and ORI-
ENTING (ORIENTING Project, 2024) and is supported by institutions
like the European Environment Agency (EEA, 2022). The subjectivity of
RACER evaluations is not considered a methodological weakness per se,
but rather a necessary and legitimate feature of expert-based assess-
ments in multidimensional contexts, such as those involving circularity.
As Eisenmenger et al., (2016) explained, RACER enables the appraisal of
indicator quality and policy relevance even in the absence of quantita-
tive thresholds, provided that transparency and consistency are main-
tained throughout the process. Furthermore, expert judgment is
recognised in sustainability science as essential for addressing complex,
non-binary criteria, particularly when indicators must balance technical
feasibility, stakeholder acceptance, and systemic robustness (Niemeijer
and de Groot, 2008; Singh et al., 2012). Barrientos et al., (2023) further
demonstrated that expert-based scoring can lead to robust and opera-
tional results when supported by predefined evaluation rules, structured
procedures, and full documentation.

e Circularity criteria checklist: The scope of the 65 RACER-complying
indicators was determined by scoring the criteria against two
checklists:

o Circular design of composites, incorporating specific criteria for
the design of composite materials, based on the specifications
provided by Joustra and Bessai, (2022), Joustra et al. (2021), and
Joustra et al. (2022). This checklist includes four analytical blocks
covering criteria related to handling and reconditioning, con-
struction, product specifications and traceability, as presented in
Table S6 of the SF.

o CE frameworks developed for wind farms, considering criteria
across each lifecycle stage, including design, construction and
installation, operation and maintenance, EoL and decommission-
ing. This checklist was developed based on the studies by Kramer
and Beauson (2023), Lund and Madsen (2024) and Velenturf
(2021). As presented in Table S7 of the SF.

In both these checklists, whether each criterion was fulfilled by
the corresponding circularity indicator was assessed. The affir-
mative case was market with an “X” as indicated in Table S6 of the
SF. As a result, the number of criteria met by each indicator was
counted, providing a quantitative assessment of their suitability.
After applying the two final evaluation checklists, only those in-
dicators that fulfilled more than ten criteria were retained. This
threshold was defined empirically to ensure a sufficient level of
relevance and completeness, based on the observation that none of
the indicators assessed met more than half of the total criteria. In
this context, the cut-off at ten allowed us to identify those in-
dicators with the highest overall coverage across wind-specific and
composite-related circularity aspects, while acknowledging the
inherent difficulty for existing indicators to fully address the sector
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multidimensional requirements. Thus, 13 indicators were short-
listed as the most suitable for assessing circularity in the context of
WTB-LCM. These indicators were considered the most practical for
evaluating circularity performance within the WTB-LCM and are
presented in Table 2, Section 4.2.

These 13 indicators were subsequently categorised based on the
technical, economic, social and environmental aspects (Luthin et al.,
2023), CE strategies (narrowing resource loop, slowing resource loop,
closing resource loops and regenerating resource flow) (Wanaguru et al.,
2022), LCA stages (subdivided into BoL, MoL and EoL), where within the
EoL stage the classification follows the 9R framework developed by
Potting et al. (2017). In this hierarchy, recycling (R8) and recovery (R9)
preserve value only at the material level once the product has reached
the end of its life, in contrast to product-level strategies (e.g., reuse,
repair, refurbish, remanufacture, repurpose) that extend the service life
of products and components. Finally, indicators were also categorised
according to resource flows (e.g., energy, water, material, solid waste)

Table 1
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(Hilty and Aebischer, 2015) (see section S5 of the SF).

3.3. Scope assessment and applicability of circularity indicators

The methodological approach outlined by Jerome et al. (2022) and
Reike et al., 2018 was used to analyse the relationship between the
resource flows from the WTB-LCM pathways (section 3.1) and the var-
iables of the circularity indicators (section 3.2). The process began with
the analysis and classification of the variables associated with the 13
selected indicators, leading to the development of a unified and sys-
tematic database (see section 4.2). The variables were grouped into ty-
pologies, consolidating those that were redundant or conceptually
similar into a final set of 71 variables.

Next, a correspondence matrix was developed to systematically link
these variables to the resource flows within WTB-LCM pathways,
ensuring analytical consistency through a literature-based approach.
Following Polonioli (2015), each variable was assigned to a specific type
of resource flow based on its functional role in the system. For instance,

Main resource flows related to the major WTB-LCM stages. Note: (X) it depends on the dust collection method used (wet vs dry). (*): emissions refer to direct emissions
(e.g. by fuel combustion) and not indirect emissions (e.g. by electricity production and consumption). Acronyms: DS (Design); MN (Manufacturing);T (Transport); IN
(Installation); O&M (Operation and Maintenance); DM (Dismantling); SH (Shredding); RE (Reuse); RP (Repurposing); MR (Mechanical Recycling); TR (Thermal
Recycling); CR (Chemical Recycling); CP (Co-processing). References: (Caro et al., 2023.; Lund and Madsen, 2024; Nixon-Pearson et al., 2022.; Sproul et al., 2023).

Middle of
life

Category Resource flows Beginning of

life

End of life

DS MN T IN O&M DM

RE

Sectioning & Cutting RP SH Recycling Ccp

Diamond MR TR CR

wire

Circular
saw

Waterjet
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Electricity

Natural gas
Tap/cooling water
Deionised water
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Air

Salt water (molten salts)
Diamond wires
Roadplates
Abrasives/mineral grit
Lubricants
Chemicals
Additives
Thermoplastics
Balsa wood
Coatings

PVC

Adhesive
Carbon/Glass fibres
Nylon

Resins

Scraps

Dust

Worn abrasives/grit
Residual chemicals
Filtered particles
Neutralised dissolution
Wastewater
Collected dust (in dry or
wet form)

Oils

Gases

Recovered resins
Cement clinker

CO,

Gases

Particles

Fumes

Organic volatile
compounds (VOCs)
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Land use
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variables measuring raw material input (e.g., amount of linear materials
entering the production system) were linked to primary resource flows,
which represent the intake of virgin or non-recycled materials at the
beginning of the production process. In contrast those related to waste
generation (e.g., total waste production) were associated with material
outputs. Similarly, energy consumption (e.g., energy required to recover
material) was mapped to energy flows, and carbon emissions (e.g., im-
pacts during the use phase) were linked to environmental emissions.

This structured mapping identified the coverage of the 13 circularity
indicators, assessing within each analysed management pathway. This
determined the most comprehensive and applicable indicators for each
stage and pathway while also identifying gaps and opportunities for
improvement. These insights contribute to refining circularity indicators
and enhancing their applicability within WTB-LCM.

4. Results and discussion
4.1. Characterisation of WIB-LCM pathways

Table 1 below presents an overview of the resource flows across the
different stages, while more detailed aspects can be found in Table S8
(section S4) in the SF.

Energy consumption is a critical factor determining the economic
cost and life cycle environmental impact of industrial processes as it
correlates with resource depletion and GHG emissions (Sharif et al.,
2019). Therefore, understanding the relationship between energy use,
environmental and economic impacts is essential for developing more
circular and sustainable industrial practices. Three major types of en-
ergy sources are used during the WTB-LCM: diesel (mostly used in heavy
machinery and generators), electricity (mostly used in WTB
manufacturing, cutting, shredding, and waste treatment) and natural
gas (used in the pyrolysis process).

Water flow is required for sectioning and cutting WTB, as well as a
solvent for solvolysis. Water consumption generates significant impacts
by producing wastewater, which contaminates natural water bodies,
harms human health, and ecosystems (Zacchaeus et al., 2020). Thus,
efficient water management plays a crucial role in reducing water
pollution.

Various materials compose WTB, among which thermoset resins,
carbon and glass fibres, balsa wood, and adhesives being the most
critical due to their durability and strength (Sproul et al., 2023). How-
ever, the use of chemical agents and resins in WTB manufacturing
complicates recycling, as separating materials remains a major chal-
lenge (Yousef et al., 2024).

With regard to diamond wire cutting is an energy-intensive process
that also involves high cost and a short tool lifetime, as the wire wears
out quickly (Kim et al., 2016). Additionally, diamond mining and pro-
cessing for wire manufacturing contribute to habitat destruction and
carbon emissions (Kumar and Melkote, 2018). For instance, waterjet
cutting generates considerable waste, depending on the type of abrasives
used and their disposal method. Mineral abrasives, such as garnet, can
generate notable environmental burdens (Jerman et al., 2021). How-
ever, the reuse of abrasive materials enhances surface quality and re-
duces the consumption of virgin resources , bringing both economic and
environmental benefits (Schnakovszky et al., 2014).

Chemical additives and solvents play a crucial role in solvolysis and
composite production, influencing both economic costs and environ-
mental impacts (Hahladakis et al., 2018). Solvolysis, particularly with
organic solvents such as acetone, effectively degrades fibre-reinforced
composites but presents sustainability challenges due to cost and
toxicity. Similarly, additives such as sizing and compatibiliser agents
which enhance fiber-polymer adhesion in reinforced thermoplastics, act
as potential pollutants, requiring careful assessment in environmental
impact studies (Hahladakis et al., 2018).

Molten salts can enhance pyrolysis efficiency and product quality by
improving carbonisation, preventing metal atom aggregation, degrading
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epoxy components, reducing pyrolysis temperatures, and stabilising
biochar (Das and Sarmah, 2015; Lee et al., 2017; Su et al., 2019; Woo
and Whale, 2022). However, their production and disposal pose envi-
ronmental challenges, including the potential release of harmful by-
products and high energy demand. Despite improving pyrolysis perfor-
mance, their life cycle impacts required careful management to mini-
mise negative environmental consequences (Tang et al., 2018; Yang
et al., 2020).

Among the most relevant direct emissions are COz, and other gases
from diesel-powered machinery; particulate matter and dust from WTB
cutting and material treatment; pyrolysis fumes, and solvolysis VOCs
(Table 1). Additionally, land use impacts arise from WTB dismantling
and cutting, which require heavy machinery deployment, leading to
topsoil removal (approximately 10 cm deep). More efficient cutting
technologies, such as diamond wire cutters, mitigate this impact by
allowing installation and attachment with road plates above ground,
thereby reducing soil disturbance (Hilty and Aebischer, 2015).

Additional factors analysis, such as economic costs, toxicity, social
risk, and circularity solutions, is presented in Section S4 (Table S9) of the
SF.

4.2. Characterisation of circularity indicators

The final sample of 13 circularity indicators is presented in Table 2.
These are the most potentially relevant indicators for analysing the
circularity performance of the WTB-LCM based on the criteria used in
the study (see section 3.2). However, they are not specific to WTBs but
rather applicable to broader circularity assessments. Additionally, their
relevance is not absolute, as it depends on their coverage of resource
flows, which is analysed in Section 4.3. The final selection of the most
appropriate indicators arises from the intersection of variables with
resource flows. A more detailed explanation of these 13 indicators,
including their formulas and associated variables, is provided in Section
S5 (Table S10) of the SF.

This sample of circularity indicators offers different perspectives on
assessing various aspects of circularity, from environmental-focused
metrics and material flows to systemic performance. Each indicator
has a distinct scope and presents limitations when used individually.
However, combining multiple indicators enhances the analysis and
yields more comprehensive insights (Van De Mheen and Vincent, 2023).

For instance, the Circularity Footprint Formula (CFF) (Zampori,
2019) focus on carbon emissions and resource use, offering valuable
insights into the environmental performance of circular strategies in
terms of greenhouse gas emissions. While it captures the climate-related
benefits associated with circularity, it does not measure circularity itself
and overlooks social and economic dimensions. Similarly, Circularity
Quality of Materials (Qc) (Steinmann et al., 2019) and Retained Envi-
ronmental Value (REV) (Haupt and Hellweg, 2019) address material
retention and efficiency but are limited to specific life cycle stages such
as transportation, installation, or dismantling.

Material flow-focused metrics such as the Material Circularity Indi-
cator (MCI) (Goddin et al., 2019) and Circular Material Productivity
(CMP) (Tanda et al., 2023) quantify circularity at the system level
through material flow analysis but do not consider certain resource and
environmental aspects. These metrics do not integrate transportation,
installation, or dismantling phases, which can be critical for determining
a product’s overall circularity performance. While they emphasise ma-
terial retention and efficiency, they exclude considerations of energy
consumption, emissions, or resource intensity beyond material inputs
and outputs. This limitation restricts their ability to assess environ-
mental trade-offs comprehensively, resulting in an evaluation focused
solely on material flow rather than a holistic sustainability assessment.
The EoL recycling rate (EOL-RR) and its complementary metric (EOL-
RRp) (Peiro et al., 2018) address recycling, offering broader coverage
during the EoL stage. However, their exclusive focus on recycling limits
their applicability to this process alone, lacking a life cycle perspective.



Table 2
List of the most relevant circularity indicators for potential application in the assessment of the circularity performance of WTB-LCM pathways. Acronyms: PEF (Product Environmental Footprint ); OEF (Organisational
Environmental Footprint); EoL (End-of-life); CE (Circular economy)

‘ID 32 DIAIN-ZAA

0€T

Indicator

Source

Description

Required data

Score type

Circularity Footprint Formula (CFF)

Material Circularity Indicator (MCI)

Product Circularity Indicator (PCI)

Material Efficiency Metric (MEM)

Product-Level Circularity Metric
(P-LCM)

Circularity Indexes (CI)

Circularity of Material Quality (Qc)

Material Circularity (MC)

Circular Material Productivity (CMP)

End Of Life Recycling Rate (EOL-RR)

Complementary recycling potential indicador
(EoL-RRp)

Long Term in-Use Occupation (LTUO)

Retained Environmental Value (REV)

(Zampori, 2019)

(Goddin et al., 2015)

(Bracquené et al., 2020)

(Brandstrom and Eriksson, 2022)

(Linder et al., 2017)

(Cullen, 2017)

(Steinmann et al., 2019)

(Tanda et al., 2023)

(Tanda et al., 2023)

(Peir6 et al., 2018)
(Peird et al., 2018)
(Caro et al., 2023)

(Haupt and Hellweg, 2019)

Indicator defined by the PEF and OEF methods to model carbon emissions and
resource use across waste flows in manufacturing, distribution, usage, and EoL
stages, incorporating recycled and recyclable materials. It consists of three
components: material, energy, and disposal formulas.

It measures how much linear material flow is reduced and restorative flow is
maximised for a product’s components, as well as the product’s usage duration
and intensity compared to an industry average

It evaluates a product’s circularity across its life cycle, focusing on
manufacturing efficiency, durability, second-life potential, and recyclability.

Quantifies circularity by assessing material flow efficiency, integrating the
principles of closing, reducing and slowing loops into a single value. It reflects
the extent to which materials are retained, reused or recovered within a
system, providing a holistic measure of circularity performance.

Evaluates how effectively a product retains, reuses, or recycles materials
within a CE, focusing solely on circularity without considering environmental
performance or product quality.

It measures how effectively materials are retained in a circular system by
considering both material recovery and quality loss during reprocessing. It is
calculated as the product of the fraction of recovered end-of-life material and
the energy efficiency of material recovery

It measures the quality retention of recycled materials by assessing energy
efficiency. This metric evaluates the energy saved through recycling compared
to the energy needed to produce the same amount of primary material,
providing insight into the sustainability of recycling efforts.

It expresses a company’s performance in closing the loop as a percentage,
calculated as the weighted average of % circular inflow and % circular
outflow.

It measures a company’s circular material productivity, specifically assessing
its effectiveness in decoupling financial performance from linear resource
consumption.

It quantifies the percentage of materials reclaimed from waste at the product
EoL.

It is defined as the ‘potentially recyclable’ fraction of an exemplary material
from diverse end-use applications.

It is defined as the mass of raw material held in the material loop over time.

It measures the share of the environmental impact from the production of a
material or product that is retained in products and materials recovered from
reuse, remanufacturing, or recycling.

Material, energy and
impacts data

Material, usage and
impact data

Lifecycle efficiency,
material and impact
data

Material, waste and
lifecycle efficiency
data

Economic data

Energy and material
data

Energy and material
data

Material data

Economic and material
data

Production and
transportation data
Material and economic
data

Material and usage
data

Impacts data

Kg CO; eq.

0 (fully linear) to 1 (fully circular)

0 (fully linear) to 1 (fully circular)

%

0 (fully linear) to 1 (fully circular)

Dimensionless

% and €/kg

%

%
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Table 3

Sustainable Production and Consumption 60 (2025) 123-140

Consolidated list of 71 circularity indicators variables. Acronyms; CFF (Circular Footprint Formula); MCI (Material Circularity Index); PCI (Product Circularity In-
dicator); MEM (Material Efficiency Metric); P-LCM (Product-Level Circularity Metric): CI (Circularity Index); Qc (Circularity of Material Quality);MC (Material
Circularity); CMP (Circular Material Productivity); EOL-RR (End Of Life Recycling Rate); EOL-RRp (Complementary recycling indicator); LTUO (Long Term in-Use
Occupation); REV (Retained Environmental Value); FU (Functional Unit); EoL (End-of-Life); EU (Europe).

Theme

Variables

CFF

MCI

PCI

MEM  P- CI Q¢ MC CMP EOL  EoL- LTUO REV
LCM RR RRp

Energy

Feedstock materials

Materials for

production

Obtained product

Service life

Reuse and recycling
(actual and
potential)

Secondary materials

Efficiency of the energy recovery process for
both heat and electricity

Lower heating value of the material in the
product that is used for energy recovery
Required energy to recover material

Life cycle energy required for producing
material with the same quality as the secondary
material from primary inputs

Direct cradle-to-gate life cycle energy
requirement for producing the secondary
material from material that is to be recycled
Energy required for cleaning the material
inputs per kg primary material to be recycled
Embodied cradle-to-gate life cycle energy in the
primary materials required for dilution,
necessary to obtain secondary material of
sufficient quality

Cradle-to-gate life cycle energy required for
producing of primary material

Quality of the primary materials

Efficiency of the material separation
Efficiency of producing usable feedstock for
subsequent processes

Fraction of a product’s biological feedstock
from sustainable production

Fraction of mass of a product's feedstock from
recycled sources

Efficiency to produce the recycled feedstock
Recovered material in feedstock production
Fraction of mass of a product's feedstock from
reused sources

Proportion of renewable content in feedstock
Amount of linear materials entering the
production system

Amount of virgin material used for packaging
Efficiency of converting inputs into final, usable
products

Number of products that generate non-
circulated material output in the value chain
Amount of fully circular products (produced
without virgin materials)

Recovered material in component production
Mass of product

Additional virgin material input required in the
use phase

Imports to the EU of EoL-manufactured
products

Real lifetime of a product

Product lifetime in industry

Theoretical use intensity of a product as design
target

Real use intensity of a product as design target
Fraction of mass of a product going to
component reuse

Proportion of the material in the product that
will be recycled in subsequent system processes
Efficiency of the recycling process used for the
portion of a product collected for recycling
Ratio of diluting material to primary material to
be recycled

Amount of material that remains in potentially
recyclable end-use applications

Production of secondary material from post-
consumer functional recycling in EU sent to
processing in EU

Production of secondary material from post-
consumer functional recycling in EU sent to
manufacture in EU

Quality of the ongoing secondary material
Quality of the outgoing secondary material

X

o
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Table 3 (continued)

Sustainable Production and Consumption 60 (2025) 123-140

Theme Variables CFF

MCI

PCI

MEM MC CMP EOL-

RR

EoL-
RRp

LTUO REV

LCM

Waste Proportion of in/output waste effectively
recycled

Fraction of mass of a product being collected to
go into a composting process

Recovered EoL material

Proportion of the material in the product that is
used for energy recovery at EoL

Amount of waste from packaging

Waste volumes from repair and upgrade
processs

Total waste production

Emissions and resources consumed arising from
the recycling process of the recycled (reused)
material, including collection, sorting and
transportation process

Emissions and resources consumed arising from
the recycling process at EoL, including
collection, sorting and transportation process
Emissions and resources consumed arising from
the acquisition and pre-processing of virgin
material

Emissions and resources consumed arising from
the acquisition and pre-processing of virgin
material assumed to be substituted by
recyclable materials

Emissions and resources consumed arising from
the energy recovery process

Emissions and resources consumed that would
have arisen from the specific substituted energy
source, heat and electricity respectively
Emissions and resources consumed arising from
disposal of waste material at the EoL of the
analysed product, without energy recovery
Impact of the displaced product or material
Impacts during the use-phase

Impact of any value retention process

Impact of the original product

Allocation factor of burdens and credits
between supplier and user of recycled materials
Allocation factor of energy recovery processes
Economic value of all parts in the product
Economic value of recirculated parts

Market share of each "Potentially recyclable"
end-use application of material in the EU
Revenue generated by that product or business
unit

Unit demand per customer

Number of customers accessing functionality
through circular models

Total material demand

Environmental

Economic

Social

el ]

In contrast, life cycle-oriented indicators, such as the Product
Circularity Indicator (PCI) (Bracquené et al., 2020) and the Product
Level Circularity Metric (P-LCM) (Linder et al., 2017), provide a broader
perspective by integrating factors such as manufacturing efficiency,
durability and second-life potential. The Material Efficiency Metric
(MEM) (Brandstrom and FEriksson, 2022) assesses material efficiency
through material flow analysis, incorporating closing, narrowing, and
slowing material loops into a single value. Long-term occupancy in use
(LTUO) (Caro et al., 2023) quantifies material retention in the system
over time, offering insights into resource longevity. These indicators
adopt a system-wide approach, evaluating multiple life cycle phases
rather than focusing solely on material flows. This enables a more
comprehensive circularity assessment, particularly regarding product
longevity, efficiency improvements, and reuse potential. Nonetheless,
they do not account for material quality degradation over time or the
environmental impact of transport and logistics. Additionally, while
they offer a broader perspective on circularity, they fail to integrate
social aspects, a limitation shared by all indicators reviewed in this
study.
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To further analyse their scope, these indicators were classified ac-
cording to sustainability dimensions (technical, economic, environ-
mental, and social), CE strategies (narrowing, slowing, closing, and
regenerating resource loops), LCA stages (raw material extraction,
manufacturing, distribution, use, and EoL), and resource flows (e.g.,
energy, water, material, solid waste). The classification of indicators
reveals a strong environmental focus, with limited coverage of economic
and technical aspects, and no consideration of social dimensions . The
detailed classification is provided in Table S11 of the SF.

4.3. Scope assessment and applicability of circularity indicators

The variables associated with the 13 circularity indicators were
extracted, grouped into broader thematic categories, and systematically
linked to each indicator, as summarised in Table 3. A final sample of 71
variables was obtained, and subsequently structured to ensure coher-
ence and relevance within the study. Table S12 of the SF details each
variables' definition and application context.

The analysis reveals an uneven distribution of variables, with a
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Table 4

Relationship between variables and the different stages involved in WTB-LCM. Acronyms: DS (Design); MN (Manufacturing); IN (Installation); O&M (Operation and
Maintenance); DM (Dismantling); T (Transport); SH (Shredding); RE (Reuse); RP (Repurposing); MR (Mechanical Recycling); TR (Thermal Recycling); CR (Chemical
Recycling); CP (Co-processing); EU (Europe); References: (Caro et al., 2023; Lund and Madsen, 2024; Nixon-Pearson et al., 2022; Sproul et al., 2023)

Themes Variables Beginning of Middle of End of life
life life
DS MN T IN O&M DM RE Cutting RP SH  Recycling Ccp
Circular Diamond Waterjet MR TR CR
saw wire
Energy Efficiency of the energy X X

recovery process for both

heat and electricity

Lower heating value of the X X
material in the product that

is used for energy recovery

Required energy to recover X X X X X X X X X X X
material
Life cycle energy required X X X X X X X X

for producing material

with the same quality as

the secondary material

from primary inputs

Direct cradle-to-gate life X X X X X X X X
cycle energy requirement

for producing the

secondary material from

material that is to be

recycled

Energy required for X X X X
cleaning the material

inputs per kg primary

material to be recycled

Embodied cradle-to-gate X
life cycle energy in the

primary materials required

for dilution, necessary to

obtain secondary material

of sufficient quality

Cradle-to-gate life cycle X
energy required for

producing of primary

material
Feedstock Quality of the primary X X X X X X X X
materials materials
Efficiency of the material X X X X X X X
separation
Efficiency of producing X X X X

usable feedstock for

subsequent processes

Fraction of a product’s X X
biological feedstock from

sustainable production

Fraction of mass of a X X
product’s feedstock from

recycled sources

Efficiency to produce the X X X
recycled feedstock

Recovered material in X

feedstock production

Fraction of mass of a X X

product’s feedstock from
reused sources

Proportion of renewable X X
content in feedstock
Materials for Amount of linear materials X X X X X X X X X X
production entering the production
system
Amount of virgin material X
for packaging
Efficiency of converting X X X X X X X X X X
inputs into final usable
products
Number of products that X X

generate non-circulated
material output in the
value chain

(continued on next page)
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Table 4 (continued)

Sustainable Production and Consumption 60 (2025) 123-140

Themes

Variables

Beginning of
life

Middle of

End of life

DS

O&M

DM

Diamond Waterjet
wire

Recycling CP
MR TR CR

Obtained product

Service life

Reuse and
recyclable
materials in
the product

Secondary
materials

Waste

Environmental

Amount of fully circular
products (produced
without virgin materials)
Recovered material in
component production
Mass of product
Additional virgin material
input required in the use
phase

Imports to the EU of EoL-
manufactured products
Real lifetime of a product
Product lifetime in industry
Theoretical use intensity of
a product as design target
Real use intensity of a
product as a design target
Fraction of mass of a
product going to
component reuse
Proportion of the material
in the product that will be
recycled in subsequent
system processes
Efficiency of the recycling
process used for the portion
of a product collected for
recycling

Ratio of diluting material
to primary material to be
recycled

Amount of material that
remains in potentially
recyclable end-use
applications

Production of secondary
material from post-
consumer functional
recycling in EU sent to
processing in EU
Production of secondary
material from post-
consumer functional
recycling in EU sent to
manufacture in EU
Quality of the ongoing
secondary material
Quality of the outgoing
secondary material
Proportion of in/output
waste effectively recycled
Fraction of product mass
collected for composting
Recovered EoL material
Proportion of the material
in the product that is used
for energy recovery at EoL
Amount of waste from
packaging

Total waste production
Waste volumes from repair
and upgrade processs
Emissions and resources
consumed arising from the
recycling process of the
recycled (reused) material,
including collection,
sorting and transportation
process

X

X

Mo
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Table 4 (continued)

Sustainable Production and Consumption 60 (2025) 123-140

Themes Variables Beginning of Middle of
life life

End of life

DS MN T IN O0&M

DM

RE  Cutting RP SH  Recycling CP

Circular Diamond Waterjet MR TR CR
saw wire

Emissions and resources X
consumed arising from the
recycling process at EoL,
including collection,
sorting and transportation
process
Emissions and resources X
consumed arising from the
acquisition and pre-
processing of virgin
material
Emissions and resources X
consumed arising from the
acquisition and pre-
processing of virgin
material assumed to be
substituted by recyclable
materials
Emissions and resources
consumed arising from the
energy recovery process
Emissions and resources
consumed that would have
arisen from the specific
substituted energy source,
heat and electricity
respectively
Emissions and resources
consumed arising from
disposal of waste material
at the EoL of the analysed
product, without energy
recovery
Impact of the displaced X
product or material
Impacts during the use- X
phase
Impact of any value
retention process
Impact of the original X X
product
Allocation factor of X
burdens and credits
between supplier and user
of recycled materials
Allocation factor of energy
recovery processes
Economic Economic value of all parts X X
in the product
Economic value of
recirculated parts
Market share of each
"Potentially recyclable"
end-use application of
material in the EU
Revenue generated by that X
product or business unit
Social Unit demand per customer X
Number of customers X
accessing functionality
through circular models
Total material demand X X X X

X X X X X X X

higher concentration on input materials (18%), reuse and recyclability
(12%) and energy (15%), reflecting a focus on resource efficiency.
Optimising material flows and reuse plays a key role in enhancing
circularity. However, the low representation of economic (4%) and so-
cial (4%) variables suggests the need to integrate these aspects for a
more comprehensive assessment of circularity.

135

Among the existing indicators, the PCI covers a broader range of
variables, addressing reuse, recycling, and product life cycle but omit-
ting energy and environmental aspects. The MCI, while similar to the
PCI, incorporates additional variables but still lacks a fully integrated
approach to circularity (Bracquené et al., 2020). Other indicators, such
as the CFF or REV, analyse environmental impacts, without considering
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critical aspects like quality of materials. EoL specific indicators (EOL-RR
and EOL-RRp) focus on recycling rates (Peiro et al., 2018), but exclude
energy and environmental variables. In contrast, the Qc indicator as-
sesses the quality retention of recycled materials by measuring energy
efficiency (Steinmann et al., 2019), yet it overlooks key factors such as
environmental impact and waste generation. The MEM considers ma-
terial use and waste generation var (Brandstrom and Eriksson, 2022) but
does not account for environmental or energy dimensions, limiting its
applicability in sustainable systems.

Additionally, the P-LCM and the CMP offer complementary ap-
proaches to circularity assessment. The P-LCM evaluates circularity at
the product level (Linder et al., 2017), whereas the CMP assess a com-
pany’s productivity in terms of circular material use (Tanda et al.,
2023). However, both indicators present significant limitations, as they
do not integrate environmental and social variables or account for
energy-related aspects. This omission weakens their ability to provide a
comprehensive assessment of circularity, as embedded energy, social
implications, and environmental impacts play a fundamental role in
determining the overall sustainability of circular strategies.

In conclusion, while existing circularity indicators address key as-
pects such as energy, material quality, and emissions, none offer a fully
integrated assessment. Most indicators focus on only one or two di-
mensions, limiting their ability to provide a holistic view of circularity.
Therefore, the development of an indicator that incorporates these three
critical dimensions (material efficiency, environmental impact, and
energy use) is essential. Such an approach would enable a more
comprehensive evaluation of WTB-LCM while supporting the identifi-
cation of opportunities to improve sustainability, resource efficiency,
and impact reduction.

Subsequently, the scope of the circularity indicators was determined
by analysing the link between their variables (Table 3) and the resource
flows from the WTB-LCM stages (Table 1). Accordingly, Table 4 shows
how well each stage is covered by the variables, identifying gaps and
areas of strong representation. Additionally, Table S13 of the SF (Section
S6) provides detailed matching between variables and flows for each
process of the WTB-LCM.

The BoL shows the highest coverage in manufacturing (42%), vari-
ables related to feedstock materials and products effectively capture
material flows within this process. This aligns with the emphasis on
material efficiency in circularity assessments, where optimising input
materials reduces environmental impact and enhances sustainability
(Oladapo et al., 2024). In contrast, design has significantly lower
coverage (15%) despite its crucial role in enabling circular models in the
wind industry. Mestre and Cooper (2017) highlighted that design de-
cisions determine the feasibility of CE strategies by shaping downstream
operations, including waste management and resource recovery. Liu and
Barlow (2017) emphasised that integrating sustainable design principles
(such as maintenance and recyclability) facilitates later life cycle stages.
Similarly, Schmidt et al. (2020) argued that reinforcing design strategies
strengthens EoL management, improving system sustainability and
establishing design as a pillar of CE in the wind sector. Conversely,
transportation is the least represented BoL process (3% coverage),
indicating that logistical aspects remain largely unaccounted for in
circularity assessments.

Both processes in MoL show low coverage. Installation presents the
lowest representation (1%), while operation and maintenance (O&M)
reaches 11%. This suggests that current indicators do not sufficiently
capture material and energy flows in these processes. Given that O&M
extends the lifespan of WTBs and minimises environmental impact (Liu
et al., 2019), its limited coverage highlights a gap in circularity assess-
ments. Expanding indicators to include operational performance and
maintenance strategies could improve their applicability to the wind
sector.

Concerning the EoL, the representation of processes varies signifi-
cantly. Dismantling (10%), repurposing (15%), reuse (18%), and cutting
technologies (18%) are among the least covered, indicating that many
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value-retention processes remain underrepresented in circularity
assessment. This is particularly relevant given that reuse and repur-
posing were recognised as key strategies to extend product lifetimes and
reduce raw material dependence (Linder et al., 2017). Their limited
coverage suggests that current indicators place less emphasis on alter-
native EoL pathways and material conservation.

Conversely, recycling dominates, with thermal recycling (52%) fol-
lowed by mechanical and chemical recycling (45%). This strong repre-
sentation reflects the international push to close material loops through
CE policies, aligning with industry efforts to enhance material recovery
processes (Antony Jose et al., 2024). However, while recycling remains
a key strategy, its predominance in circularity assessments may overlook
the potential benefits of alternative EoL solutions, such as reuse and
remanufacturing, which can further contribute to resource conservation
and sustainability. Moreover, it should be noted that during mechanical
recycling the fibres contained in WTBs are often partially destroyed or
converted from continuous to short fibres, which compromises their
structural performance in subsequent applications (Alavi et al., 2025).
Similarly, pyrolysis, despite its potential to recover fibres, often results
in fibres with degraded mechanical properties due to high processing
temperatures and the presence of residual char, needing additional post-
treatment steps (Naqvi et al., 2018). In this context, strategies such as
repair, reuse, and repurposing offer more suitable alternatives for pre-
serving the high specific properties of composite materials. These limi-
tations reflect the need to consider material-specific constraints when
assessing circular strategies for fibre-reinforced composites.

The findings highlight important gaps in circularity assessments for
WTB-LCM. While the analysed indicators effectively measure circularity
from different perspectives, their generalist nature means they were not
specifically designed to assess the circularity of WTBs. As a result, even
though their coverage is significant in some cases, it remains insufficient
to fully capture the complexity of WTB-LCM. One key limitation is that
these indicators do not integrate multiple critical variables (such as
energy use, emissions, waste generation, and economic factors) into a
single combined formula. Instead, they tend to focus on one or two as-
pects at a time, leading to a fragmented assessment of circularity. This
lack of integration prevents a holistic evaluation of how circular stra-
tegies impact the entire WTB-LCM. A more comprehensive approach is
needed, which incorporates multidimensional indicators capable of
assessing material efficiency, environmental performance, and eco-
nomic viability in a unified way. Future research should focus on
developing tailored circularity indicators that provide a more systemic
and representative evaluation of WTB sustainability.

After assigning the variables to their corresponding flows within the
life cycle stages, the coverage percentage of each circularity indicator
was determined. This assessment determines which stages are most
comprehensively represented by the indicators. Table 5 shows the
coverage percentage of each indicator across WITB-LCM. Higher values
indicate broader representation, while lower values reflect limited
coverage. The detailed calculation of these percentages is provided in
Table S14 of the SF, and a more comprehensive breakdown of the in-
dividual coverage of each indicator in the final sample is available in
Tables S15 to S27 of the SF.

In the BoL, circularity indicators show heterogeneous applicability.
The MEM, PCI, and MC indicators demonstrate greater relevance in the
DS and MN stages, emphasising their focus on material and energy ef-
ficiency within the production process. In contrast, the CFF indicator
shows high coverage in T (67%), suggesting its effectiveness in capturing
the logistical dimension within circularity analysis. Despite the signifi-
cance of logistics in large-scale systems such as WTBs, most existing
indicators do not explicitly incorporate it, even though it plays a crucial
role in optimising circularity and reducing environmental impacts. The
mobility of large structures poses significant sustainability challenges,
reinforcing the need for new metrics that integrate transportation
optimisation into circularity analyses, particularly in industries where
logistics substantially influence overall system sustainability (Chen,
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Table 5
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Percentage coverage of the final sample of indicators on the different pathways of the WTB-LCM. Acronyms: CFF (Circular Footprint Formula); MCI (Material
Circularity Index); PCI (Product Circularity Indicator); MEM (Material Efficiency Metric); P-LMC (Product-Level Circularity Metric): CI (Circularity Index); Qc
(Circularity of Material Quality);MC (Material Circularity); CMP (Circular Material Productivity); EOL-RR (End of Life Recycling Rate); EOL-RRp (Complementary
recycling indicator); LTUO (Long Term in-Use Occupation); REV (Retained Environmental Value).

WTB-LCM stages CFF MCI PCI MEM P-LCM CI Qc MC CMP EOL-RR EoL-RRp LTUO REV
BoL Design (DS) 9% 14% 18% 18% 5% 5% 5% 18% 5% 0% 0% 0% 5%
Manufacture (MN) 11% 9% 18% 20% 2% 4% 11% 13% 4% 0% 0% 0% 4%
Transport (T) 67% 0% 0% 0% 0% 0% 0% 0% 0% 33% 0% 0% 0%
MoL Installation (IN) 0% 0% 0% 50% 0% 50% 0% 0% 0% 0% 0% 0% 0%
Operation and maintenance (O&M) 0% 23% 31% 31% 0% 8% 0% 0% 0% 0% 0% 0% 8%
EoL Dismantling (DM) 17% 0% 0% 17% 0% 50% 0% 0% 0% 17% 0% 0% 0%
Reuse (RE) 9% 18% 18% 23% 5% 9% 0% 0% 5% 5% 0% 5% 5%
Cutting (CT) 21% 11% 11% 11% 5% 16% 16% 0% 5% 5% 0% 0% 0%
Repurposing (RP) 8% 0% 8% 25% 8% 25% 0% 0% 8% 8% 0% 0% 8%
Shredding (SH) 15% 0% 11% 19% 4% 11% 15% 4% 4% 4% 7% 0% 0%
Mechanical recycling (MR) 20% 7% 10% 17% 2% 7% 12% 5% 5% 7% 5% 0% 2%
Thermal recycling (TR) 28% 7% 7% 14% 2% 7% 12% 5% 5% 7% 5% 0% 2%
Chemical recycling (CR) 19% 8% 8% 16% 3% 8% 14% 3% 5% 8% 5% 0% 3%
Co-processing (CP) 26% 9% 12% 18% 3% 9% 0% 3% 6% 9% 0% 3% 3%

2024; Mastowski et al., 2024).

Indicators applicability in the MoL decreases significantly, except for
MEM, PCI, and CI, which maintain coverage rates between 30% and
50%. These indicators capture key aspects such as IN and O&M effi-
ciency, important for optimising WTB circular performance. However,
their limited applicability in this phase reveals methodological de-
ficiencies in evaluating maintenance and repair strategies. Despite their
increasing relevance in the wind industry, strategies remain underrep-
resented in most circularity indicators (Ren et al., 2021). Recent liter-
ature highlights the need for metrics that go beyond design and
recycling, incorporating operational performance and maintenance ef-
ficiency through advanced predictive strategies (Malik and Bak, 2025).
Integrating these metrics enables a more accurate and holistic circularity
evaluation, supporting data-driven decision-making in the wind sector.

At the EoL, circularity indicators generally exhibit high coverage,
reflecting their broad evaluative capacity at this stage. Applicability
varies significantly across different processes, underscoring the
complexity of circularity assessments and the necessity of integrating
multiple metrics for a comprehensive system evaluation. While in-
dicators such as CFF and MEM achieve high coverage, their specific
focus constrains their scope: CFF quantifies emissions during processing,
whereas MEM emphasises material efficiency. This limitation aligns
with broader critiques in the literature, emphasising the need for holistic
frameworks that incorporate environmental, economic, and material
recovery dimensions to improve circularity assessments (Sproul et al.,
2023).

The implementation of circularity indicators in the industry presents
several challenges. The number of variables required for calculation
increases data collection efforts, while limited data availability, partic-
ularly on material and energy flows, introduces uncertainty in circu-
larity measurement across life cycle stages. Additionally, variability in
calculation methodologies affects result comparability, highlighting the
need for sector-wide metric harmonisation. Importantly, no single in-
dicator has proven to be fully suitable for addressing all stages and di-
mensions of WTB-LCM, making it necessary to rely on multiple
complementary indicators to capture the full complexity of circularity
performance. Current circularity indicators offer uneven coverage
across the WTB-LCM. While design and manufacturing benefit from
material and energy efficiency metrics, logistics and maintenance
remain underrepresented. This suggests that existing evaluation
frameworks prioritise material transformation over life extension ap-
proaches despite the latter’s potential for sustainability and impact
reduction. This aligns with the findings of Jerome et al. (2022), who
emphasised the need for indicators tailored to the purpose of evaluation
to ensure relevant results. Therefore, it is necessary to develop wind-
specific indicators that account for the particularities of WTBs,
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including their composite composition and logistics. Integrating these
tools with LCA would enhance understanding circularity strategies’
impacts and benefits, facilitating decision-making, improving industrial
strategies, and supporting the transition toward more circular models in
the wind sector.

4.4. Limitations of the study and future research

The primary limitations of this study concern the scope of the liter-
ature review and the methodological approach used for filtering the
indicators. This review was limited to the Scopus database, which,
although widely recognised for its comprehensive coverage, may not
capture all relevant studies indexed in other databases such as Web of
Science. As such, some relevant publications may have been excluded.
Future studies should aim to extend the database coverage to validate
the consistency of the findings and to determine whether additional
circularity indicators emerge from broader literature screening. This
would support the consolidation of indicator sets and improve the
robustness of selection frameworks.

Furthermore, the qualitative approach and the screening criteria of
circularity indicators introduced additional limitations. The RACER
evaluation was conducted by the authors of the study themselves,
which, despite the measures taken to reduce bias (independent scoring,
cross-checking, and consensus building) (Section 3.2.2), inevitably in-
troduces a degree of subjectivity. This limitation might be relevant
considering the potential cascading effect of the RACER results on
subsequent stages of the analysis. To enhance robustness, future
research should involve the engagement of external expert panels to
validate and refine the evaluation. In addition, the composite design and
wind energy criteria (section 3.2.2) are overly general and may not align
completely with the developed WTB-LCM pathway diagram. Moreover,
their interpretation can vary depending on the specific process within
the diagram, highlighting their generic nature and the need for more
specific criteria tailored to the different stages of the WTB value chain.

Future research should prioritise the development of circularity in-
dicators tailored to the wind industry, grounded in process-specific
criteria that reflect the complexity of the entire value chain. This
would overcome the limitations of generic filtering approaches and
improve the alignment between assessment tools and the WTB-LCM
framework. In addition, since recycling technologies are not yet fully
implemented, there is an opportunity to design indicators that anticipate
their potential performance before large-scale deployment, thereby
ensuring the sustainability of future EoL management systems.

Furthermore, future studies should implement integrated method-
ologies that combine circularity indicators with supplementary assess-
ment instruments, such as LCA. This approach would facilitate a more



M. Diez-Viera et al.

rigorous evaluation of trade-offs and synergies among material circu-
larity, energy consumption, and environmental impacts. The incorpo-
ration of these methodologies would strengthen the consistency and
relevance of sustainability assessment while supporting more informed
decision-making in the development of CE strategies.

Building on the identification of the most suitable indicators for
different stages of WTB-LCM, future research should focus on assessing
the maximum circularity potential that can realistically be achieved in
the wind sector. This requires moving beyond indicator selection to-
wards the development of technically-economically plausible scenarios
in which circularity is optimised across WTB-LCM pathways, consid-
ering current technological capabilities and foreseeable advancements.
Such scenarios would allow for the characterisation of the key factors
influencing the highest achievable levels of circularity—whether related
to material composition, processing technologies, product design, or
regulatory and operational conditions—and help identify the main
barriers currently limiting circular performance, as well as areas where
innovation is most needed.

In this regard, it is important to acknowledge the challenges asso-
ciated with the thermal or chemical recycling of sandwich panel sections
containing foam materials (such as PVC foam) due to the reaction
products generated (Yousef et al., 2024). Addressing these challenges
requires that manufacturers of WTBs consider, from early design stages,
the cost, mechanical performance, aerodynamics, sustainable LCM,
applicable recycling technologies, and recyclable materials in future
development processes (Jensen and Skelton, 2018).Grounding circu-
larity assessments in realistic performance thresholds would help refine
existing indicators and improve their applicability in decision-making.
This, in turn, would enable more effective and sector-specific CE stra-
tegies for the sustainable management of composite materials in the
wind energy sector.

5. Conclusion

This study systematically assessed circularity indicators to determine
their scope and applicability across WTB-LCM, from design to EoL
management. The analysis included multiple circular strategies such as
reuse, repowering, mechanical, thermal, and chemical recycling, as well
as co-processing. The research characterised resource flows at each stage
and applied a set of pre-selected circularity indicators based on RACER,
composite materials and the wind energy sector criteria.

The paper confirms significant variability in the applicability of
circularity indicators across different life cycle stages of WTBs. No single
indicator fully captures their circularity, as existing metrics primarily
address specific stages while overlooking key aspects such as trans-
portation, installation, and decommissioning. Most indicators were
designed for broader industrial applications and do not reflect the spe-
cific characteristics of WTBs, including their large size, material
composition, and complex logistics.

These limitations underscore the need for a more comprehensive
assessment framework that integrates environmental, energy, and ma-
terial efficiency metrics. In addition, the observed misalignment be-
tween commonly used design criteria and WTB-LCM strategies points to
a broader gap in the literature. This underscores the importance of
developing more integrated approaches that connect design decisions
with EoL and circularity pathways.

This study contributes to the field by identifying three priority areas
for developing new circularity indicators tailored to the wind industry.
First, incorporating logistics and transportation criteria will improve
assessments of environmental and operational impacts related to WTB
mobility and EoL management. Second, developing metrics for the
operational phase will allow for a better assessment of maintenance, and
lifetime extension strategies, supporting the transition to advanced CE
models. Third, adapting recycling methodologies for composite mate-
rials will ensure that indicators capture the technical, economic, and
environmental feasibility of different valorisation pathways, including
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mechanical recycling and emerging technologies such as solvolysis.

A system-level perspective remains essential to understanding the
circularity of WTBs at different implementation scales, from localised
EoL solutions to regional and global recycling networks. Future research
should focus on harmonising circularity indicators to enhance compa-
rability across studies and evaluate new recycling technologies’ role in
industrial applications. The alignment of regulatory frameworks, tech-
nical and safety standards, green certifications, and industrial incentives
will also be necessary to drive innovation and investment in circular
strategies. Addressing these challenges will contribute to a more
resource-efficient and sustainable wind energy sector.

CRediT authorship contribution statement

Marta Diez-Viera: Writing — review & editing, Writing — original
draft, Visualization, Methodology, Investigation. Eva Sevigné-Itoiz:
Writing — review & editing, Supervision. Joan Manuel F. Mendoza:
Writing — review & editing, Supervision, Project administration, Meth-
odology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Funded by the European Union. Views and opinions expressed are
however those of the author(s) only and do not necessarily reflect those
of the European Union or CINEA. Neither the European Union nor the
granting authority can be held responsible for them. Agreement No
101096425 - EoLO-HUBs - HORIZON-CL5-2022-D3-01.

Appendix A. Supplementary data

Further information and data is presented in the supplementary file
of the paper, including S1) definition of WTB-LCM pathways and asso-
ciated stages, S2) identification of circularity indicators, the list of
keywords used in the literature review, S3) the list of used criteria for
screening and evaluation of circularity indicators, S4) characterisation
of WTB-LCM stages and processes, S5) the characterisation of circularity
indicators according different sustainability dimensions, S6) detailed
scope assessment of circularity indicators in WTB-LCM stages. Supple-
mentary data to this article can be found online at https://doi.
0rg/10.1016/j.spc.2025.09.010.

References

Adibi, N., Lathaj, Z., Yehya, M., Payet, J., 2017. Global Resource Indicator for life cycle
impact assessment: Applied in wind turbine case study. J. Clean. Prod. 165,
1517-1528. https://doi.org/10.1016/J.JCLEPRO.2017.07.226.

Alavi, Z., Khalilpour, K., Florin, N., Hadigheh, A., Hoadley, A., 2025. End-of-life wind
turbine blade management across energy transition: A life cycle analysis. Resour.
Conserv. Recycl. 213, 108008. https://doi.org/10.1016/J.
RESCONREC.2024.108008.

Antony Jose, S., Calhoun, J., Renteria, O.B., Mercado, P., Nakajima, S., Hope, C.N.,
Sotelo, M., Menezes, P.L., 2024. Promoting a Circular Economy in Mining Practices.
Sustainability 2024 16. https://doi.org/10.3390/SU162411016. Page 11016 16,
11016.

Bachmann, T.M., Corréa Hackenhaar, 1., Horn, R., Charter, M., Gehring, F., Graf, R.,
Huysveld, S., Alvarenga, A.F.R., 2021. Critical Evaluation of Material Criticality and
Product-related Circularity Approaches Specifications.

Barrientos, F., Egusquiza, A., De Luca, C., Tondelli, S., Martin-Lerones, P., Olmedo, D.,
Martin, J., Pavlova, 1., Gémez-Garcia-Bermejo, J., Casanova, E.Z., 2023. A robust
monitoring platform for rural cultural and natural heritage. J. Comput. Cult. Herit.
16. https://doi.org/10.1145/3593430.

Beauson, J., Laurent, A., Rudolph, D.P., Pagh Jensen, J., 2022. The complex end-of-life of
wind turbine blades: A review of the European context. Renew. Sust. Energ. Rev.
155, 111847. https://doi.org/10.1016/J.RSER.2021.111847.


https://doi.org/10.1016/j.spc.2025.09.010
https://doi.org/10.1016/j.spc.2025.09.010
https://doi.org/10.1016/J.JCLEPRO.2017.07.226
https://doi.org/10.1016/J.RESCONREC.2024.108008
https://doi.org/10.1016/J.RESCONREC.2024.108008
https://doi.org/10.3390/SU162411016
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf5005
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf5005
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf5005
https://doi.org/10.1145/3593430
https://doi.org/10.1016/J.RSER.2021.111847

M. Diez-Viera et al.

Besnard, F., Bertling, L., 2010. An approach for condition-based maintenance
optimization applied to wind turbine blades. IEEE Trans Sustain Energy 1, 77-83.
https://doi.org/10.1109/TSTE.2010.2049452.

Bonou, A., Skelton, K., Olsen, S.I., 2016. Ecodesign framework for developing wind
turbines. J. Clean. Prod. 126, 643-653. https://doi.org/10.1016/J.
JCLEPRO.2016.02.093.

Bracquené, E., Dewulf, W., Duflou, J.R., 2020. Measuring the performance of more
circular complex product supply chains. Resour. Conserv. Recycl. 154. https://doi.
org/10.1016/j.resconrec.2019.104608.

Brandstrom, J., Eriksson, O., 2022. How circular is a value chain? Proposing a Material
Efficiency Metric to evaluate business models. J. Clean. Prod. 342, 130973. https://
doi.org/10.1016/J.JCLEPRO.2022.130973.

Caro, D., Garcia, C., Lase, S., -Gutierrez, G., Juchtmans, P., Garbarino, R., Blengini, E.,
Manfredi, G., 2023. Towards a better definition and calculation of recycling
Proposals for calculating recycling yields in multi-output processes and recycling of
biodegradable waste, and a quality framework for recycling. doi:10.2760/636900.

Chan, D., Mo, J., 2017. Life Cycle Reliability and Maintenance Analyses of Wind
Turbines. Energy Procedia 110, 328-333. https://doi.org/10.1016/J.
EGYPRO.2017.03.148.

Chatziparaskeva, G., Papamichael, I., Voukkali, I., Loizia, P., Sourkouni, G., Argirusis, C.,
Zorpas, A.A., 2022. End-of-Life of Composite Materials in the Framework of the
Circular Economy. Microplastics 1, 377-392. https://doi.org/10.3390/
microplastics1030028.

Chen, Q., 2024. Data-Driven and Sustainable Transportation Route Optimization in
Green Logistics Supply Chain. Asia Pacific Economic and Management Review 1,
140-146. https://doi.org/10.62177/APEMR.V116.118.

Circle Economy Foundation, 2024. Indicators - Knowledge Hub [WWW Document]. URL
https://knowledge-hub.circle-economy.com/indicator (accessed 7.23.24).

Costanzo, G., Brindley, G., Willems, G., Ramirez, L., Cole, P., Klonari, V., 2024. Wind
Energy in Europe: 2023 Statistics and the Outlook for 2024-2030. WindEurope,
Brussels. https://windeurope.org/intelligence-platform
/product/wind-energy-in-europe-in-2023-trends-and-statistics/.

Cullen, J.M., 2017. Circular Economy: Theoretical Benchmark or Perpetual Motion
Machine? J. Ind. Ecol. https://doi.org/10.1111/jiec.12599.

Darawsheh, W., 2014. Reflexivity in research: Promoting rigour, reliability and validity
in qualitative research. Int. J. Ther. Rehabil. 21, 560-568. https://doi.org/
10.12968/ijtr.2014.21.12.560.

Das, O., Sarmah, A.K., 2015. Value added liquid products from waste biomass pyrolysis
using pretreatments. Sci. Total Environ. 538, 145-151. https://doi.org/10.1016/J.
SCITOTENV.2015.08.025.

Demuytere, C., Vanderveken, 1., Thomassen, G., Godoy Leén, M.F., De Luca Pena, L.V.,
Blommaert, C., Vermeir, J., Dewulf, J., 2024. Prospective material flow analysis of
the end-of-life decommissioning: Case study of a North Sea offshore wind farm.
Resour. Conserv. Recycl. 200, 107283. https://doi.org/10.1016/J.
RESCONREC.2023.107283.

Diez-Canamero, B., Mendoza, J.M.F., 2023. Circular economy performance and carbon
footprint of wind turbine blade waste management alternatives. Waste Manag. 164,
94-105. https://doi.org/10.1016/j.wasman.2023.03.041.

Eisenmenger, N., Giljum, S., Lutter, S., Marques, A., Theurl, M.C., Pereira, H.M.,
Tukker, A., 2016. Towards a conceptual framework for social-ecological systems
integrating biodiversity and ecosystem services with resource efficiency indicators.
Sustainability (Switzerland) 8. https://doi.org/10.3390/5u8030201.

European Commission, 2009. PART III: ANNEXES TO IMPACT ASSESSMENT
GUIDELINES *.

European Commission, 2020. New Circular Economy Action Plan [WWW Document].
URL https://ec.europa.eu/commission/presscorner/detail/en/ip_20_420 (accessed
2.14.25).

European Commission, 2023. Renewable Energy Directive [WWW Document]. URL
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-
targets-and-rules/renewable-energy-directive_en (accessed 6.21.24).

European Environment Agency, 2022. Monitoring the circular economy using emerging
data streams [WWW Document]. URL (accessed 6.12.25).

Eurostat, 2025. Database - Circular economy [WWW Document]. URL https://ec.europa.
eu/eurostat/web/circular-economy/database (accessed 1.16.25).

Gaborieau, M., Gelbart, Y., McLean, S., 2023. How decommissioning wind farm projects
will impact global capacity targets - Spinergie [WWW Document]. URL http
s://www.spinergie.com/blog/impact-wind-farm-decommissioning?utm_source=ch
atgpt.com (accessed 2.26.25).

Gast, L., Meng, F., Morgan, D., 2024. Assessing the circularity of onshore wind turbines:
Using material flow analysis for improving end-of-life resource management. Resour.
Conserv. Recycl. 204. https://doi.org/10.1016/j.resconrec.2024.107468.

Gerdes, H., Bassi, S., Portale, E., Mazza, L., Srebotnjak, T., Porsch, L., 2011. Evaluation of
Indicators for EU Policy Objectives.

Goddin, J., Marshall, K., Pereira, A., Design, G., Herrmann, S., Ds, S., Sam, J., Dupont, T.,
Krieger, C., Lenges, E., Ben, C., Pierce, J., Susan, E., Gispen, I.-J., Veenendaal, R.,
Per, 1., Natureworks, S., Ford, L., Goodman, T., Vetere, M., Graichen, F., Anu, S.,
Tetrapak, N., Cockburn, D., 2015. Circularity indicators: An approach to measuring
circularity.

Hahladakis, J.N., Velis, C.A., Weber, R., lacovidou, E., Purnell, P., 2018. An overview of
chemical additives present in plastics: Migration, release, fate and environmental
impact during their use, disposal and recycling. J. Hazard. Mater. 344, 179-199.
https://doi.org/10.1016/J.JHAZMAT.2017.10.014.

Hao, S., Kuah, A.T.H., Rudd, C.D., Wong, K.H., Lai, N.Y.G., Mao, J., Liu, X., 2020.

A circular economy approach to green energy: Wind turbine, waste, and material
recovery. Sci. Total Environ. 702, 135054. https://doi.org/10.1016/J.
SCITOTENV.2019.135054.

139

Sustainable Production and Consumption 60 (2025) 123-140

Haupt, M., Hellweg, S., 2019. Measuring the environmental sustainability of a circular
economy. Environmental and Sustainability Indicators 1-2, 100005. https://doi.
org/10.1016/J.INDIC.2019.100005.

Hechler, J., Operations, S., 2019. Optimization of the Dismantling Process of Wind
Turbine Blades from Offshore Wind Farms during Decommissioning.

Heijungs, R., 2014. Ten easy lessons for good communication of LCA. Int. J. Life Cycle
Assess. https://doi.org/10.1007/s11367-013-0662-5.

Hilty, L., Aebischer, B., 2015. ICT Innovations for Sustainability. Advances in intelligent
systems and computing 310, 351-365. https://doi.org/10.1007/978-3-319-09228-
7.

1SO, 2006. ISO 14044:2006 — environmental management — life cycle assessment —
requirements and guidelines [WWW Document]. URL. https://www.iso.org/
standard/38498.html. (Accessed 12 September 2024).

Jakobsen, K.H., 2021. Wind turbine blade material in the United States: Quantities, costs,
and end-of-life options. Resour. Conserv. Recycl. 168, 105439. https://doi.org/
10.1016/J.RESCONREC.2021.105439.

Jensen, J.P., Skelton, K., 2018. Wind turbine blade recycling: Experiences, challenges
and possibilities in a circular economy. Renew. Sust. Energ. Rev. 97, 165-176.
https://doi.org/10.1016/J.RSER.2018.08.041.

Jerman, M., Zelendk, M., Lebar, A., Foldyna, V., Foldyna, J., Valentin¢ic, J., 2021.
Observation of cryogenically cooled ice particles inside the high-speed water jet.

J. Mater. Process. Technol. 289, 116947. https://doi.org/10.1016/J.
JMATPROTEC.2020.116947.

Jerome, A., Helander, H., Ljunggren, M., Janssen, M., 2022. Mapping and testing circular
economy product-level indicators: A critical review. Resour. Conserv. Recycl. 178,
106080. https://doi.org/10.1016/J.RESCONREC.2021.106080.

Joustra, Bessai, J.J., 2022. Circular composites A design guide for products containing
composite materials in a circular economy. doi:doi:10.34641/mg.23.

Joustra, J., Bakker, C., Bessai, R., Balkenende, R., 2022. Circular Composites by Design:
Testing a Design Method in Industry. Sustainability 14, 7993. https://doi.org/
10.3390/5u14137993.

Joustra, J., Flipsen, B., Balkenende, R., 2021. Circular design of composite products: A
framework based on insights from literature and industry. Sustainability
(Switzerland) 13. https://doi.org/10.3390/s5u13137223.

Kasner, R., 2022. The environmental efficiency of materials used in the lifecycle of a
wind farm. Sustain. Mater. Technol. 34, e00512. https://doi.org/10.1016/J.
SUSMAT.2022.E00512.

Kazemi, M., Faisal Kabir, S., Fini, E.H., 2021. State of the art in recycling waste
thermoplastics and thermosets and their applications in construction. Resour.
Conserv. Recycl. 174, 105776. https://doi.org/10.1016/J.
RESCONREC.2021.105776.

Kim, D., Kim, H., Lee, S., Lee, T., Jeong, H., 2016. Characterization of diamond wire-
cutting performance for lifetime estimation and process optimization. J. Mech. Sci.
Technol. 30, 847-852. https://doi.org/10.1007/512206-016-0139-0/METRICS.

Konietzko, J., Bocken, N., Hultink, E.J., 2020. A tool to analyze, ideate and develop
circular innovation ecosystems. Sustainability (Switzerland) 12. https://doi.org/
10.3390/5U12010417.

Kramer, K.J., Abrahamsen, A.B., Beauson, J., Hansen, U.E., Clausen, N.E., Velenturf, A.P.
M., Schmidt, M., 2024. Quantifying circular economy pathways of decommissioned
onshore wind turbines: The case of Denmark and Germany. Sustain Prod Consum 49,
179-192. https://doi.org/10.1016/J.SPC.2024.06.022.

Kramer, K.J., Beauson, J., 2023. Review existing strategies to improve circularity,
sustainability and resilience of wind turbine blades — A comparison of research and
industrial initiatives in Europe. IOP Conf Ser Mater Sci Eng 1293, 012039. https://
doi.org/10.1088/1757-899x/1293/1/012039.

Kumar, A., Melkote, S.N., 2018. Diamond Wire Sawing of Solar Silicon Wafers: A
Sustainable Manufacturing Alternative to Loose Abrasive Slurry Sawing. Procedia
Manuf 21, 549-566. https://doi.org/10.1016/J. PROMFG.2018.02.156.

Lee, Y.E., Jo, J.H., Kim, L.T., Yoo, Y.S., 2017. Chemical characteristics and NaCl
component behavior of biochar derived from the salty food waste by water flushing.
Energies (Basel) 10. https://doi.org/10.3390/en10101555.

Linder, M., Sarasini, S., van Loon, P., 2017. A Metric for Quantifying Product-Level
Circularity. J. Ind. Ecol. 21, 545-558. https://doi.org/10.1111/jiec.12552.

Liu, P., Barlow, C.Y., 2017. Wind turbine blade waste in 2050. Waste Manag. 62,
229-240. https://doi.org/10.1016/J.WASMAN.2017.02.007.

Liu, P., Meng, F., Barlow, C.Y., 2019. Wind turbine blade end-of-life options: An eco-
audit comparison. J. Clean. Prod. 212, 1268-1281. https://doi.org/10.1016/J.
JCLEPRO.2018.12.043.

Lund, K.W., Madsen, E.S., 2024. State-of-the-art value chain roadmap for sustainable
end-of-life wind turbine blades. Renew. Sust. Energ. Rev. 192. https://doi.org/
10.1016/j.rser.2023.114234.

Luthin, A., Traverso, M., Crawford, R.H., 2023. Circular life cycle sustainability
assessment: An integrated framework. J. Ind. Ecol. https://doi.org/10.1111/
jiec.13446.

Malik, T.H., Bak, C., 2025. Full-scale wind turbine performance assessment: a
customised, sensor-augmented aeroelastic modelling approach. Wind Energy Science
10, 269-291. https://doi.org/10.5194/WES-10-269-2025.

Mastowski, D., Dendera-Gruszka, M., Giera, J., Kuliniska, E., Olejnik, K.,

Szumidtowska, J., 2024. Risks and Challenges of Oversized Transport in the Energy
Industry. Energies 2024 17. https://doi.org/10.3390/EN17246444. Page 6444 17,
6444,

Mendoza, J.M.F., Gallego-Schmid, A., Velenturf, A.P.M., Jensen, P.D., Ibarra, D., 2022.
Circular economy business models and technology management strategies in the
wind industry: Sustainability potential, industrial challenges and opportunities.
Renew. Sust. Energ. Rev. 163, 112523. https://doi.org/10.1016/J.
RSER.2022.112523.


https://doi.org/10.1109/TSTE.2010.2049452
https://doi.org/10.1016/J.JCLEPRO.2016.02.093
https://doi.org/10.1016/J.JCLEPRO.2016.02.093
https://doi.org/10.1016/j.resconrec.2019.104608
https://doi.org/10.1016/j.resconrec.2019.104608
https://doi.org/10.1016/J.JCLEPRO.2022.130973
https://doi.org/10.1016/J.JCLEPRO.2022.130973
https://doi.org/10.1016/J.EGYPRO.2017.03.148
https://doi.org/10.1016/J.EGYPRO.2017.03.148
https://doi.org/10.3390/microplastics1030028
https://doi.org/10.3390/microplastics1030028
https://doi.org/10.62177/APEMR.V1I6.118
https://knowledge-hub.circle-economy.com/indicator
https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-in-2023-trends-and-statistics/
https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-in-2023-trends-and-statistics/
https://doi.org/10.1111/jiec.12599
https://doi.org/10.12968/ijtr.2014.21.12.560
https://doi.org/10.12968/ijtr.2014.21.12.560
https://doi.org/10.1016/J.SCITOTENV.2015.08.025
https://doi.org/10.1016/J.SCITOTENV.2015.08.025
https://doi.org/10.1016/J.RESCONREC.2023.107283
https://doi.org/10.1016/J.RESCONREC.2023.107283
https://doi.org/10.1016/j.wasman.2023.03.041
https://doi.org/10.3390/su8030201
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0105
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0105
https://ec.europa.eu/commission/presscorner/detail/en/ip_20_420
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
http://url
https://ec.europa.eu/eurostat/web/circular-economy/database
https://ec.europa.eu/eurostat/web/circular-economy/database
https://www.spinergie.com/blog/impact-wind-farm-decommissioning?utm_source=chatgpt.com
https://www.spinergie.com/blog/impact-wind-farm-decommissioning?utm_source=chatgpt.com
https://www.spinergie.com/blog/impact-wind-farm-decommissioning?utm_source=chatgpt.com
https://doi.org/10.1016/j.resconrec.2024.107468
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0115
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0115
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0120
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0120
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0120
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0120
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0120
https://doi.org/10.1016/J.JHAZMAT.2017.10.014
https://doi.org/10.1016/J.SCITOTENV.2019.135054
https://doi.org/10.1016/J.SCITOTENV.2019.135054
https://doi.org/10.1016/J.INDIC.2019.100005
https://doi.org/10.1016/J.INDIC.2019.100005
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0140
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0140
https://doi.org/10.1007/s11367-013-0662-5
https://doi.org/10.1007/978-3-319-09228-7
https://doi.org/10.1007/978-3-319-09228-7
https://www.iso.org/standard/38498.html
https://www.iso.org/standard/38498.html
https://doi.org/10.1016/J.RESCONREC.2021.105439
https://doi.org/10.1016/J.RESCONREC.2021.105439
https://doi.org/10.1016/J.RSER.2018.08.041
https://doi.org/10.1016/J.JMATPROTEC.2020.116947
https://doi.org/10.1016/J.JMATPROTEC.2020.116947
https://doi.org/10.1016/J.RESCONREC.2021.106080
https://doi.org/10.3390/su14137993
https://doi.org/10.3390/su14137993
https://doi.org/10.3390/su13137223
https://doi.org/10.1016/J.SUSMAT.2022.E00512
https://doi.org/10.1016/J.SUSMAT.2022.E00512
https://doi.org/10.1016/J.RESCONREC.2021.105776
https://doi.org/10.1016/J.RESCONREC.2021.105776
https://doi.org/10.1007/S12206-016-0139-0/METRICS
https://doi.org/10.3390/SU12010417
https://doi.org/10.3390/SU12010417
https://doi.org/10.1016/J.SPC.2024.06.022
https://doi.org/10.1088/1757-899x/1293/1/012039
https://doi.org/10.1088/1757-899x/1293/1/012039
https://doi.org/10.1016/J.PROMFG.2018.02.156
https://doi.org/10.3390/en10101555
https://doi.org/10.1111/jiec.12552
https://doi.org/10.1016/J.WASMAN.2017.02.007
https://doi.org/10.1016/J.JCLEPRO.2018.12.043
https://doi.org/10.1016/J.JCLEPRO.2018.12.043
https://doi.org/10.1016/j.rser.2023.114234
https://doi.org/10.1016/j.rser.2023.114234
https://doi.org/10.1111/jiec.13446
https://doi.org/10.1111/jiec.13446
https://doi.org/10.5194/WES-10-269-2025
https://doi.org/10.3390/EN17246444
https://doi.org/10.1016/J.RSER.2022.112523
https://doi.org/10.1016/J.RSER.2022.112523

M. Diez-Viera et al.

Mestre, A., Cooper, T., 2017. Circular product design. A multiple loops life cycle design
approach for the circular economy. Design Journal 20, $1620-S1635. https://doi.
org/10.1080/14606925.2017.1352686.

Mishnaevsky, L., Branner, K., Petersen, H.N., Beauson, J., McGugan, M., Sgrensen, B.F.,
2017. Materials for wind turbine blades: An overview. Materials. https://doi.org/
10.3390/mal10111285.

Mohamed Sultan, A.A., Lou, E., Mativenga, P.T., 2017. What should be recycled: an
integrated model for product recycling desirability. J. Clean. Prod. 154, 51-60.
https://doi.org/10.1016/J.JCLEPRO.2017.03.201.

Morini, A.A., Ribeiro, M.J., Hotza, D., 2021. Carbon footprint and embodied energy of a
wind turbine blade—a case study. Int. J. Life Cycle Assess. https://doi.org/10.1007/
s11367-021-01907-z.

Mourao, E., Felipe, J., Pimentel, N., Gresta, L., Murta, P., Kalinowski, M., Pimentel, J.F.,
Murta, L., Mendes, E., Wohlin, C., 2020. On the Performance of Hybrid Search
Strategies for Systematic Literature Reviews in Software Engineering. https://doi.
org/10.48550/arXiv.2004.09741.

Nagle, A.J., Mullally, G., Leahy, P.G., Dunphy, N.P., 2022. Life cycle assessment of the
use of decommissioned wind blades in second life applications. J. Environ. Manag.
302, 113994. https://doi.org/10.1016/J.JENVMAN.2021.113994.

Nagvi, S.R., Prabhakara, H.M., Bramer, E.A., Dierkes, W., Akkerman, R., Brem, G., 2018.
A critical review on recycling of end-of-life carbon fibre/glass fibre reinforced
composites waste using pyrolysis towards a circular economy. Resour. Conserv.
Recycl. 136, 118-129. https://doi.org/10.1016/J.RESCONREC.2018.04.013.

Niemeijer, D., de Groot, R.S., 2008. A conceptual framework for selecting environmental
indicator sets. Ecol. Indic. 8, 14-25. https://doi.org/10.1016/J.
ECOLIND.2006.11.012.

Nixon-Pearson, O., Greaves, P., Mamalis, D., Stevenson, L., 2022. WP4-D1.1. Wind
turbine blades design and manufacturing, current state-of-the art literature review.

Oladapo, B.I., Olawumi, M.A., Omigbodun, F.T., 2024. Al-Driven Circular Economy of
Enhancing Sustainability and Efficiency in Industrial Operations. Sustainability
(Switzerland) 16, 10358. https://doi.org/10.3390/SU162310358/S1.

Oliveira, P.S., Antunes, M.L.P., da Cruz, N.C., Rangel, E.C., de Azevedo, A.R.G.,
Durrant, S.F., 2020. Use of waste collected from wind turbine blade production as an
eco-friendly ingredient in mortars for civil construction. J. Clean. Prod. 274, 122948.
https://doi.org/10.1016/J.JCLEPRO.2020.122948.

ORIENTING Project, 2024. ORIENTING - Life cycle sustainability assessment for
products [WWW Document]. URL https://ecoinvent.org/projects/orienting/
(accessed 5.9.24).

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D.,
Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J.,
Grimshaw, J.M., Hrébjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E.,
McDonald, S., McGuinness, L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A.,
Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: An updated guideline for
reporting systematic reviews. The BMJ. https://doi.org/10.1136/bmj.n71.

Papageorgiou, A., Henrysson, M., Nuur, C., Sinha, R., Sundberg, C., Vanhuyse, F., 2021.
Mapping and assessing indicator-based frameworks for monitoring circular economy
development at the city-level. Sustain. Cities Soc. 75, 103378. https://doi.org/
10.1016/J.5CS.2021.103378.

Patil, R.A., Ramakrishna, S., 2023. Circularity Assessment: Macro to Nano Accountability
Towards Sustainability. https://doi.org/10.1007/978-981-19-9700-6.

Peir6, L.T., Nuss, P., Mathieux, F., Blengini, G.A., 2018. Towards Recycling Indicators
based on EU flows and Raw Materials System Analysis data Supporting the EU-28
Raw Materials and Circular Economy policies through RMIS. https://doi.org/
10.2760/092885.

Picatoste, A., Schulz-Monninghoff, M., Niero, M., Justel, D., Mendoza, J.M.F., 2024.
Comparing the circularity and life cycle environmental performance of batteries for
electric vehicles. Resour. Conserv. Recycl. 210, 107833. https://doi.org/10.1016/J.
RESCONREC.2024.107833.

Polonioli, A., 2015. The uses and abuses of the coherence - Correspondence distinction.
Front. Psychol. 6. https://doi.org/10.3389/fpsyg.2015.00507.

Potting, J., Hekkert, M., Worrell, E., Hanemaaijer, A., 2017. Circular economy:
Measuring innovation in the product chain. PBL Netherlands Environmental
Assessment Agency, The Hague, Report No, p. 2544.

Psomopoulos, C.S., Kalkanis, K., Kaminaris, S., Ioannidis, G.C., Pachos, P., 2019.

A review of the potential for the recovery of wind turbine blade waste materials.
Recycling. https://doi.org/10.3390/recycling4010007.

Reike, D., Vermeulen, W.J.V., Witjes, S., 2018. The circular economy: New or
Refurbished as CE 3.0? — Exploring Controversies in the Conceptualization of the
Circular Economy through a Focus on History and Resource Value Retention
Options. Resour. Conserv. Recycl. 135, 246-264. https://doi.org/10.1016/J.
RESCONREC.2017.08.027.

Reike, D., Vermeulen, W.J.V., Witjes, S., 2022. Conceptualization of Circular Economy
3.0: Synthesizing the 10R Hierarchy of Value Retention Options. CSR, Sustainability,
Ethics and Governance 47-69. https://doi.org/10.1007/978-3-030-94293-9 3.

Ren, Z., Verma, A.S., Li, Y., Teuwen, J.J.E., Jiang, Z., 2021. Offshore wind turbine
operations and maintenance: A state-of-the-art review. Renew. Sust. Energ. Rev. 144,
110886. https://doi.org/10.1016/J.RSER.2021.110886.

Sustainable Production and Consumption 60 (2025) 123-140

Schmid, M., Gonzalez Ramon, N., Dierckx, A., Wegman, T., 2020. Accelerating Wind
Turbine Blade Circularity. WindEurope, Cefic, EuCIA, Brussels. URL.
https://windeurope.
org/intelligence-platform/product/accelerating-wind-turbine-blade-circularity/.

Schmidt, S., Laner, D., Van Eygen, E., Stanisavljevic, N., 2020. Material efficiency to
measure the environmental performance of waste management systems: A case study
on PET bottle recycling in Austria, Germany and Serbia. Waste Manag. 110, 74-86.
https://doi.org/10.1016/J.WASMAN.2020.05.011.

Schnakovszky, C., Herghelegiu, E., Radu, M.C., Zichil, V., 2014. Effects of reusing
abrasive material in abrasive water jet cutting on the quality of processed surfaces
and environment. Environ. Eng. Manag. J. 13, 1707-1712. https://doi.org/
10.30638/EEMJ.2014.189.

Schubel, P., Crossley, R., 2012. Wind turbine blade design review. Wind Eng. 36,
365-388. https://doi.org/10.1260/0309-524X.36.4.365.

Sharif, A., Raza, S.A., Ozturk, 1., Afshan, S., 2019. The dynamic relationship of renewable
and nonrenewable energy consumption with carbon emission: A global study with
the application of heterogeneous panel estimations. Renew. Energy 133, 685-691.
https://doi.org/10.1016/J.RENENE.2018.10.052.

Sherwood, J., Gongora, G.T., Velenturf, A.P.M., 2022. A circular economy metric to
determine sustainable resource use illustrated with neodymium for wind turbines.
J. Clean. Prod. 376, 134305. https://doi.org/10.1016/J.JCLEPRO.2022.134305.

Singh, R.K., Murty, H.R., Gupta, S.K., Dikshit, A.K., 2012. An overview of sustainability
assessment methodologies. Ecol. Indic. 15, 281-299. https://doi.org/10.1016/J.
ECOLIND.2011.01.007.

Sproul, E., Williams, M., Rencheck, M.L., Korey, M., Ennis, B.L., 2023. Life cycle
assessment of wind turbine blade recycling approaches in the United States. IOP
Conf Ser Mater Sci Eng 1293, 012027. https://doi.org/10.1088/1757-899x/1293/1/
012027.

Steinmann, Z.J.N., Huijbregts, M.A.J., Reijnders, L., 2019. How to define the quality of
materials in a circular economy? Resour. Conserv. Recycl. 141, 362-363. https://
doi.org/10.1016/J.RESCONREC.2018.10.040.

Su, J., Fang, C., Yang, M., You, C,, Lin, Q., Zhou, X., Li, H., 2019. Catalytic pyrolysis of
waste packaging polyethylene using AlC13-NaCl eutectic salt as catalyst. J. Anal.
Appl. Pyrolysis 139, 274-281. https://doi.org/10.1016/J.JAAP.2019.02.015.

Tanda, S., McCalla-Leacy, J., Freijo, J.J., Schafer, M., Borkowsky, A., Jenisch, J., Rintel,
M., Castelein, A., Alon, H., Field, A., 2023. CIRCULAR TRANSITION INDICATORS
V4.0 Metrics for business, by business.

Tang, H., Xu, M., Hu, H., Yang, F., Yang, Y., Liu, H,, Li, X., Yao, H., 2018. In-situ removal
of sulfur from high sulfur solid waste during molten salt pyrolysis. Fuel 231,
489-494. https://doi.org/10.1016/J.FUEL.2018.05.123.

Van De Mheen, P.J.M., Vincent, C., 2023. Measuring what matters: Refining our
approach to quality indicators. BMJ Qual. Saf. https://doi.org/10.1136/bmjqs-202.2-
015221.

Veers, P., Bottasso, C., Manuel, L., Naughton, J., Pao, L., Paquette, J., Robertson, A.,
Robinson, M., Ananthan, S., Barlas, A., Bianchini, A., Bredmose, H., Horcas, S.G.,
Keller, J., Madsen, H.A., Manwell, J., Moriarty, P., Nolet, S., Rinker, J., 2022. Grand
Challenges in the Design. Manufacture, and Operation of Future Wind Turbine
Systems. https://doi.org/10.5194/wes-2022-32.

Velenturf, A.P.M., 2021. A framework and baseline for the integration of a sustainable
circular economy in offshore wind. Energies (Basel). https://doi.org/10.3390/
enl14175540.

Vestas, 2019. Life Cycle Assessment of Electricity Production from an onshore V117-4.2
MW Wind Plant. Denmark.

Wanaguru, K., Mallawaarachchi, H., Vijerathne, D., 2022. CIRCULAR ECONOMY (CE)
BASED MATERIAL SELECTION: DEVELOPMENT OF A CE-BASED ‘10R’
EVALUATION FRAMEWORK FOR BUILDING CONSTRUCTION PROJECTS IN SRI
LANKA, in: World Construction Symposium. Ceylon Institute of Builders, pp.
208-219. doi:10.31705/WCS.2022.18.

Wiedmann, T., Lutter, S., Wilting, H., Palm, V., Wadeskog, A., Giljum, S., Nijdam, D.,
2009. Development of a methodology for the assessment of global environmental
impacts of traded goods and services Draft Final Report.

Woo, S.M., Whale, J., 2022. A mini-review of end-of-life management of wind turbines:
Current practices and closing the circular economy gap. Waste Manag. Res. 40,
1730-1744. https://doi.org/10.1177/0734242X221105434.

Yang, Y., Hu, H,, Yang, F., Tang, H., Liu, H., Yi, B,, Li, X., Yao, H., 2020. Thermochemical
conversion of lignocellulosic bio-waste via fast pyrolysis in molten salts. Fuel 278,
118228. https://doi.org/10.1016/J.FUEL.2020.118228.

Yousef, S., Eimontas, J., Stasiulaitiene, 1., Zakarauskas, K., Striugas, N., 2024. Recovery
of energy and carbon fibre from wind turbine blades waste (carbon fibre/
unsaturated polyester resin) using pyrolysis process and its life-cycle assessment.
Environ. Res. 245, 118016. https://doi.org/10.1016/J.ENVRES.2023.118016.

Zacchaeus, 0.0., Adeyemi, M.B., Azeem Adedeji, A., Adegoke, K.A., Anumah, A.O.,
Taiwo, A.M., Ganiyu, S.A., 2020. Effects of industrialization on groundwater quality
in Shagamu and Ota industrial areas of Ogun state. Nigeria. Heliyon 6, e04353.
https://doi.org/10.1016/J.HELIYON.2020.E04353.

Zampori, L. and P. R., 2019. Suggestions for updating the Product Environmental
Footprint (PEF) method, EUR 29682 EN, Publications Office of the European Union,
Luxembourg,. doi:10.2760/424613,JRC115959.

140


https://doi.org/10.1080/14606925.2017.1352686
https://doi.org/10.1080/14606925.2017.1352686
https://doi.org/10.3390/ma10111285
https://doi.org/10.3390/ma10111285
https://doi.org/10.1016/J.JCLEPRO.2017.03.201
https://doi.org/10.1007/s11367-021-01907-z
https://doi.org/10.1007/s11367-021-01907-z
https://doi.org/10.48550/arXiv.2004.09741
https://doi.org/10.48550/arXiv.2004.09741
https://doi.org/10.1016/J.JENVMAN.2021.113994
https://doi.org/10.1016/J.RESCONREC.2018.04.013
https://doi.org/10.1016/J.ECOLIND.2006.11.012
https://doi.org/10.1016/J.ECOLIND.2006.11.012
https://doi.org/10.3390/SU162310358/S1
https://doi.org/10.1016/J.JCLEPRO.2020.122948
https://ecoinvent.org/projects/orienting/
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/J.SCS.2021.103378
https://doi.org/10.1016/J.SCS.2021.103378
https://doi.org/10.1007/978-981-19-9700-6
https://doi.org/10.2760/092885
https://doi.org/10.2760/092885
https://doi.org/10.1016/J.RESCONREC.2024.107833
https://doi.org/10.1016/J.RESCONREC.2024.107833
https://doi.org/10.3389/fpsyg.2015.00507
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0355
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0355
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0355
https://doi.org/10.3390/recycling4010007
https://doi.org/10.1016/J.RESCONREC.2017.08.027
https://doi.org/10.1016/J.RESCONREC.2017.08.027
https://doi.org/10.1007/978-3-030-94293-9_3
https://doi.org/10.1016/J.RSER.2021.110886
https://windeurope.org/intelligence-platform/product/accelerating-wind-turbine-blade-circularity/
https://windeurope.org/intelligence-platform/product/accelerating-wind-turbine-blade-circularity/
https://doi.org/10.1016/J.WASMAN.2020.05.011
https://doi.org/10.30638/EEMJ.2014.189
https://doi.org/10.30638/EEMJ.2014.189
https://doi.org/10.1260/0309-524X.36.4.365
https://doi.org/10.1016/J.RENENE.2018.10.052
https://doi.org/10.1016/J.JCLEPRO.2022.134305
https://doi.org/10.1016/J.ECOLIND.2011.01.007
https://doi.org/10.1016/J.ECOLIND.2011.01.007
https://doi.org/10.1088/1757-899x/1293/1/012027
https://doi.org/10.1088/1757-899x/1293/1/012027
https://doi.org/10.1016/J.RESCONREC.2018.10.040
https://doi.org/10.1016/J.RESCONREC.2018.10.040
https://doi.org/10.1016/J.JAAP.2019.02.015
https://doi.org/10.1016/J.FUEL.2018.05.123
https://doi.org/10.1136/bmjqs-2022-015221
https://doi.org/10.1136/bmjqs-2022-015221
https://doi.org/10.5194/wes-2022-32
https://doi.org/10.3390/en14175540
https://doi.org/10.3390/en14175540
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0485
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0485
http://refhub.elsevier.com/S2352-5509(25)00187-3/rf0485
https://doi.org/10.1177/0734242X221105434
https://doi.org/10.1016/J.FUEL.2020.118228
https://doi.org/10.1016/J.ENVRES.2023.118016
https://doi.org/10.1016/J.HELIYON.2020.E04353

	Critical assessment of the scope and applicability of circularity indicators for the sustainable life cycle management of w ...
	1 Introduction
	2 State of the art
	3 Research methodology
	3.1 Characterisation of WTB-LCM pathways
	3.1.1 Definition of WTB-LCM pathways
	3.1.2 Characterisation of the WTB-LCM pathways

	3.2 Characterisation of circularity indicators
	3.2.1 Identification of circularity indicators
	3.2.2 Screening, categorisation, and characterisation of circularity indicators

	3.3 Scope assessment and applicability of circularity indicators

	4 Results and discussion
	4.1 Characterisation of WTB-LCM pathways
	4.2 Characterisation of circularity indicators
	4.3 Scope assessment and applicability of circularity indicators
	4.4 Limitations of the study and future research

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


