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The background to this research is that across the world there will be 200,000 tonnes of wind turbine blade waste
to be disposed of each year from 2033. The purpose of the research is to compare the relative sustainability of
alternative ways to deal with this waste, these being: landfill, incineration with heat recovery, co-processing in
cement kilns, making furniture and bridge fabrication. The method is to use the UN Sustainable Development
Goals (SDGs) to select 11 metrics for sustainability. The use of the SDGs adds to the objectivity of this process
overcoming one of the principal weaknesses of Multiple Criteria Decision Analysis (MCDA). Quantitative in-
formation methods from Life Cycle Assessment, Geographic Information Science, census data and real options
analysis of R&D, alongside qualitative information from Delphi studies and Strengths/Weaknesses/Opportu-
nities/Threats analysis are combined in the assessment. Three MCDA methods are used, each calculates eco-
nomic, social and environmental sustainability indices for the end-of-life alternatives which are then combined
into integrated sustainability indices. A novel Delphi stopping condition based on consensus, consistency and
convergence is used. The primary result is that bridge fabrication is the most sustainable alternative with
furniture making in second place. Co-processing, incineration with heat recovery and landfill are progressively
less sustainable alternatives. This result is robust to substantial changes in the selection of experts’ opinions, the
weights for MCDA and the values of the metrics. These findings offer researchers and policymakers a robust
decision making process, applicable to situations where choices are made on sustainability criteria.

1. Introduction be recycled easily, except for the blades which are of composite con-

struction and normally contain a very high proportion of glass fibre

The use of wind turbines to generate electricity is expanding rapidly
across the world (Lefeuvre et al., 2019). Figures from the International
Energy Agency put wind generation at 1265 TWh in 2018 and project a
rise to 3317 TWh or more by 2030 (IEA, 2019b). While this is good news
from a sustainability point of view, there is a problem when wind tur-
bines are decommissioned. Most of the components of wind turbines can

* Corresponding author.

E-mail addresses: peter.deeney@ucc.ie, peter.deeney2@mail.dcu.ie (P. Deeney).

reinforced polymer (GFRP) or carbon fibre reinforced polymer (CFRP)
(Cherrington et al., 2012; Beauson et al., 2016; Tazi et al., 2019)1.

It is expected that globally, there will be 100,000 tonnes of blade
waste produced annually in 2025 and 200,000 tonnes by 2033 (Beauson
and Brgndsted, 2016). This problem will continue for at least the next 20
- 25 years (the typical life span of wind turbines). While this is

1 Since CFRP is a relatively new material for blade construction, it is not expected to enter the waste stream for several years, hence this investigation will consider

GFRP.
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happening, more wind power is expected to be installed across the world
over the next decades rising from the existing installed capacity of 650
GW (WWEA, 2021) to over 2015 GW by 2030 (IRENA, 2019). Each GW
of installed capacity requires approximately 10,000 tonnes of blade
material (Bank, Arias, et al., 2018; Jensen and Skelton, 2018).

The existing literature on wind turbine blades at end-of-life, focuses
on methods to recycle the composite material in the blades, there are
only rare examples of research into the reuse of blades (Bank, Arias,
et al., 2018; Bank et al., 2019; Joustra et al., 2021). Of the recent
literature Liu et al. (2019) compares the energy use of landfill, incin-
eration, mechanical recycling and pyrolysis but does not consider re-use.
Chiesura et al. (2020) looks at LCA of wind blades and finds that it is the
extraction of the materials which accounts for the largest contribution to
GHG emissions. The paper does not focus attention on direct reuse of the
blade material at decommissioning. Murray et al. (2021) looks at ther-
moplastic turbine blades which could provide an easier route to reuse
than the standard thermoset blades. Cooperman et al. (2021) looks at
landfill, incineration, co-processing, mechanical recycling and design
for recycling. This paper provides an interesting insight into the high
cost of decommissioning blades but is not aimed at other ways of
comparing the end of life choices for turbine blades. There is no example
of a comparison of possible end-of-life blade choices which cover the
range of alternatives from landfill, recovery of energy, recycling of
material or reuse of blades, hence the need for the current research.

In practice there are two dominant end-of-life solutions at present:
landfill and incineration (Jensen and Skelton, 2018; Liu et al., 2019).
These two solutions are on the two lowest levels of the waste manage-
ment priority list (landfill and recovery) required to build a circular
economy (European Commission, 2008).

Landfill disposes of a large amount of blade waste very quickly,
however it is at the bottom of the waste priority list of the EU Waste
Framework Directive, (European Commission, 2008) and the waste hi-
erarchy of the US EPA (EPA(USA), 2020). Landfill is an expedient way to
dispose of blade waste where it is permitted, but Germany, Austria and
Finland have already banned wind blades from landfills. The
Netherlands has banned composite waste from landfill in principle, if
not in practice (Cherrington et al., 2012; WindEurope, 2020) and other
European countries will probably follow (Jacob, 2011). Some landfill
operators in the USA are now refusing blade waste (personal commu-
nication with Lawrence C. Bank, 5th August 2020). Landfill is permitted
in the UK and in Ireland where the prices range from Stg£48 (€54) per
tonne in the UK to €113 per tonne in Ireland. The fee charged by op-
erators in Ireland for landfill is likely to increase as the Irish government
landfill levy has risen from €30 per tonne in 2010 to €75 per tonne in
2013, (EPA(Ireland), 2020). There are suggestions that this levy may
increase to €80 per tonne (DCCAE, 2019).

Incineration has the advantage that it can produce heat and power,
and therefore recovers some of the energy in the blades, but it still relies
on landfill to dispose of the ash. Incineration is the principal alternative
to landfill for wind turbine blade disposal in Europe (WindEurope,
2020). Heat recovery offers the possibility of some positive environ-
mental outcomes. This is because the extraction of 6 tonnes of coal used
for heat or power production can be avoided by using 10 tonnes of blade
waste (Liu et al., 2019; Nagle et al., 2020).

Other alternatives for the blades after decommissioning include co-
processing the GFRP in a cement kiln to produce cement (Nagle et al.,
2020) as well as furniture making and bridge fabrication (Bank, Arias,
etal., 2018; Suhail et al., 2019). Co-processing of wind blades, which is a
form of recycling, involves adding wind blades to other feedstock in a
cement kiln, thereby substituting some of the virgin raw material
required for cement manufacture. Co-processing allows all of the blade
material to be fully used up in the cement kiln. The carbon polymer in
the GFRP substitutes some fuel, and the glass fibre substitutes some
cement raw ingredients (Si, lime in some cases, iron oxide) (Nagle et al.,
2020). The only operator in Europe offering co-processing at present is
Neocomp in conjunction with the Holcim Cement Factory in Lagerdorf,
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Germany.

Repurposing the blades to use them to make valuable products is
higher up the waste priority list. Since blades are made of hard, strong
and weather-resistant material, there are numerous possible uses for
them. For example, they can be used for doors, windows or roofs (Bank,
Arias, et al., 2018), bridges, playgrounds or urban furniture (Jensen and
Skelton, 2018; SuperUse, 2020), interior furniture (Bladesign, 2020),
building materials (Jensen and Skelton, 2018) or sound insulation ma-
terials (Winddemark, 2019; Miljgskeerm, 2020). Using blades to make
furniture is a very recent development in Germany (Bladesign, 2020),
Denmark (Winddemark, 2019) and Poland (Webber, 2020).

Bridge fabrication is another re-purposing alternative. A short span
pedestrian bridge is described by Suhail et al. (2019). Greenways are
ideal locations for short span bridges, these are pedestrian/cycle paths
which are becoming more popular as governments across Europe invest
in low carbon transport.

There are of course many other choices for the end of a blade’s life,
but the five alternatives above are a selection across the, disposal
-recover — recycle — repurpose range of priorities from the Waste
Directive (European Commission, 2008). The assessment of the sus-
tainability of these and other alternatives is a complex matter (Van
Schoubroeck et al., 2019). To carry out such an assessment it is neces-
sary to select which aspects of sustainability should be measured, by
which metrics, and how to combine these metrics to produce an
assessment of sustainability.

There are several multiple criteria decision analysis (MCDA)
methods to combine sustainability metrics. The effectiveness of MCDA
for complex assessments has been established in the literature (Zanakis
et al., 1998; Pohekar and Ramachandran, 2004; Chen et al., 2013;
Jayaraman et al., 2015; Delvere et al., 2019; Sassanelli et al., 2019).
Amongst the MCDA methods, Analytical Hierarchy Process (AHP) is the
most frequently used method (Pohekar and Ramachandran, 2004; Liu
et al., 2011; Diamond et al., 2014). AHP has been used by Chen et al.
(2013); Kim et al. (2013); Ghobadi and Ahmadipari, (2018), who
applied it to electronic waste management, industrial site selection and
land use selection. Another MCDA method, Preference Ranking Orga-
nization Method for Enrichment Evaluation (PROMETHEE) has been
used by Behzadian et al. (2010); Vavatsikos et al., (2020) who applied it
to planning decisions, business management and energy management. A
third MCDA method is ELimination Et Choix Traduisant la REalité
(ELECTRE) which has been used by Almeida, (2007); Wang and Tri-
antaphyllou, (2008); Govindan and Jepsen, (2016) applied to contract
selection, solid waste management system, water resources, information
technology, natural resources and environmental management. The use
of MCDA in the context of wind energy has thus far been limited to
siting, design and investment decisions (Mardani et al., 2015; Strantzali
and Aravossis, 2016) rather than disposal challenges.

This investigation proposes a wide and objective approach to create
Economic, Social and Environmental Sustainability Indices to compare
the five alternatives above. An Integrated Sustainability Index (SI) is
proposed which combines the three fundamental dimensions of eco-
nomic, social and environmental sustainability. The first contribution to
the literature, is the use of the UN Sustainable Development Goals (UN
SDGs) as a starting point for metric selection. This step ensures that the
metrics are chosen fairly and objectively, it offers a correction to the
subjectivity problems of MCDA methods mentioned by Chang et al.
(2008); Zavadskas et al. (2018); Park et al. (2020). To further verify the
fairness of the comparison between the five alternatives, three MCDA
methods AHP (Saaty, 2002), PROMETHE (Brans et al., 1984) and
ELECTRE (Roy, 1968) are used to ensure that the results from the
analysis are not dependant on the particular MCDA method used. A
second contribution is the application of MCDA to blade waste man-
agement. A final contribution is a joint consensus, consistency and
convergence test as a stopping condition for Delphi Studies which have
been used in this investigation.

The next section contains a discussion of the selection of the metrics
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Fig. 1. Overview of Methodology.

based on the UN SDGs, the data, the Delphi Studies which determine the
weights for the MCDA and the construction of the Sustainability Indices.
The results are in Section 3 which includes an extensive sensitivity
analysis and a discussion of the significance of the findings. Section 4
concludes.

2. Methodology

This investigation proposes the use of MCDA methods to create
sustainability indices applied to the end-of-life alternatives for wind
blades, based on the UN SDGs. The MCDA methods will create indices
for the three dimensions of economic, social and environmental sus-
tainability and combine these to achieve an integrated perspective. The
overall methodology is laid out in Fig. 1.

The metrics selected from the UN SDGs (UN, 2015) on the left in
Fig. 1, measure different aspects of the sustainability of five end-of-life
alternatives for decommissioned wind turbine blades (see Section 2.1).
A Delphi study using an AHP method (Saaty, 2008) creates four sets of
weights (red boxes in Fig. 1), three of these sets compare the relative
importance of the input metrics for each of the economic, social and
environmental sustainability dimensions, the fourth set compares the
relative importance of these dimensions with each other. The first three
sets of weights are used to produce sustainability indices for each of the
dimensions, and the fourth set is used to combine these into an inte-
grated index (see Section 2.2 for more details). The process of creating
the indices is done by three MCDA methods: AHP, PROMETHEE and
ELECTRE (green circles in Fig. 1) which are further explained in Section

2.3. The Integrated Sustainability Index from the AHP method is also
used to produce a ternary plot to illustrate the sensitivity analysis. A
further, more detailed, explanation of the methods and data is provided
below.

2.1. Metric selection based on UN SDGs

The UN SDGs were the original sources for selecting the 11 input
metrics in Fig. 1. The use of the SDGs and their indicators (IAEG-SDGs,
2016) is inspired by the need to measure sustainability in a compre-
hensive, objective and fair way. While the SDGs may be comprehensive,
objective and fair, they were designed to inspire and measure sustain-
ability at a national level, here they are used at the level of individual
products in an industrial setting. It is therefore necessary to select
metrics carefully with regard to their applicability to the setting and
their ability to discriminate between the five end-of-life alternatives.
The eleven chosen metrics are grouped into the three dimensions of
sustainability: economic, social and environmental and follow a similar
pattern to Van Schoubroeck et al. (2019)

It is not possible to define the SDGs as being distinctly economic,
social or environmental in character (Elkington, 1994; Horan, 2020) as
there is no consistent way to separate the SDGs into three distinct
groups. For instance, (Costanza et al., 2016; Barbier and Burgess, 2017;
Scherer et al., 2018) and (Clark et al., 2020) disagree on how to cate-
gorize SDGs 1,2,3,6,7,11 and 12. In this investigation, the grouping of
the UN SDGs into three sustainability dimensions is done at the metric
level as summarized in Table 1. While the social and environmental
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Table 1
Summary of Metrics, their origins from the SDGs, brief descriptions and values.

Resources, Conservation & Recycling 171 (2021) 105642

Metrics Based on SDG Description Source Values of the input metrics (Section 2.1.2)
[OF Landfill Incineration  Co- Furniture Bridge
Processing
Economic
Salary € 1,2,3,8,10, Mean salary for work on one tonne of Central Statistics 31.8 44.4 88.6 486 498
11 blade waste Office
Commercial 8,9 Estimation of future success SWOT? Analysis -1.67 0.667 2.17 4.33 1.67
Potential
R&D Valuation €m 8,9 Innovation potential Real Options 7 16 13 233 74
Analysis
Social
Hours of Work 1,23,8,9 Hours of work for one tonne of blade Expert Opinion 1.3 1.9 3.7 19.2 19.7
waste
Education Level 4,8 Average Education Level Central Statistics 2.97 3.80 4.40 4.05 3.55
Office
Community Support 11,17 Social support Delphi Study 0.03 0.05 0.12 0.39 0.41
Accident Rate 8 Workplace accidents, injuries and Health & Safety 4 2 2 2 2
deaths Authority
Environmental®
Ecosystem Quality 6,12, 14, 15 Aquatic and terrestrial eco-toxicity LCA 7.0 4.0 —63.9 —665.8 -173.7
Human Health 14,15 Human toxicity LCA 0.00002  —0.00002 —0.0005 —0.00126 —0.00163
Resources 7,12 Non-renewable energy LCA 263.0 —8421.2 —9941.2 —10,051.8 —30,944.2
GHG 7,13 Net GHG emissions LCA 10.1 —395.5 —895.3 —474.6 —2620.1

! Full list of SDGs and metrics are discussed in the Online Supplementary Files.

2 SWOT: Strengths, Weaknesses, Opportunities and Threats.

3 The environmental data for Landfill and Co-processing follows a previous study (Nagle et al., 2020) on LCA (Life Cycle Assessment) which used a functional unit of
5.7 tonnes of blade waste beginning when the blades are removed from the turbine and ending 20 years later. The data presented here is for 1 tonne of blade waste. The
environmental data for Incineration, Furniture and Bridge can be found in the Online Supplementary Files. The units of the four environmental indicators in table are:
Eco-quality Potential Disability Fraction (PDF) per m? and year; Disability Adjusted Life Years (DALY); MJ Primary Energy; and kg COeq, respectively.

Table 2
Age Distribution of Wind Turbines in Ireland and Northern Ireland (Delaney
et al., In Press).

Decommissioning*  Age Tonnes of Remark
(yrs) Blade
Waste
before 2020 20+ 600 The island of Ireland has over
2021 - 2025 15-19 4200 5000 wind turbine blades with
2026 — 2030 10-14 12,000 the majority (81%) ranging
2031 - 2035 5-9 14,000 between 20 m and 45 m, while

only a small number are being
decommissioned now (2021)
many more will follow. These are
distributed widely across the
whole island with most in the
northern or southern regions.
They are noticeably absent from
the highly populated areas
around Dublin and south of
Belfast, and they are sparse in the
central midlands.

*20 years is assumed as the life time of the blades.

metrics are in some sense universal, the economic metric values depend
on a specific location. For this investigation Ireland is chosen as a
location because it has a great deal of wind power installed already and
within the next five years, around 4800 tonnes of blades will reach
decommissioning stage (see Section 2.1.1).

2.1.1. Ireland

Ireland has the highest penetration of onshore wind in Europe
(WindEurope, 2021) which provided 30% of Ireland’s electricity in
2018 (SEAIL 2021). Of particular importance for this investigation, is
that the first wind turbines were installed in 1992 and so there is already
a stream of decommissioned blades (see Table 2).

A Geographical Information System (ArcGIS Pro-Version 2.5) is used
to calculate the average distances from the windfarms to the nearest
suitable sites for the five end-of-life alternatives (Delaney et al., 2021).

The mean distance to a landfill site which takes composite waste is 113
km, to an incinerator is 214 km and to a cement kiln 131 km. For the last
two alternatives (furniture making and bridge fabrication), it is
reasonable to assume that new factories may be built in small towns to
take advantage of the supply of cheap raw material from nearby wind-
farms. A population threshold of 10,000 can be used by the same
geographical information science (GIS) methodology to determine ser-
vice centres and is comparable with ‘market’ towns which often expe-
rience adequate service provision (NISRA, 2015). Therefore, it is
assumed for later calculations that the facilities for furniture making and
bridge fabrication are on average 29 km from windfarms.

Ireland provides a case study for the relative merits of the five al-
ternatives but the Irish data are not unique. For example, the LCA
measures for climate change, pollution or health are not heavily
dependant on location and will be similar across the globe. Even the
local data for the salary and educational levels for various alternatives
will be broadly similar in other European locations.

2.1.2. Data description

The values of the metrics in Table 1 are derived from both quanti-
tative and qualitative sources. These include quantitative data from the
Irish national census, real options analysis and life cycle assessment, and
qualitative data from Delphi Studies, strength/weaknesses, opportu-
nities/threats (SWOT) analysis and expert opinions. The evaluation
processes are explained below followed by a short technical note on
normalizing the data.

2.1.2.1. Economic input metrics. To determine scores for the economic
input metrics in Table 1, several sources are used.

For the first economic input metric, Salary, the Irish Central Statis-
tics Office (CSO, 2020a) provides representative salaries for the average
worker in various types of jobs which are similar to the main employ-
ment offered by the five end-of-life alternatives. While the selection of
jobs similar to those proposed in the five alternatives is important, the
more important consideration is the amount of time taken per tonne of
GFRP as this will vary considerably between alternatives, while the pay
rates per hour are quite similar. As mentioned in Section 2.1.1, the
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Table 3
Economic input metrics.
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a. Salary and hours of work per tonne GFRP

Blade end-of-life
blade alternatives

Transport modes,
Load (t), Speed

Round trip, km

Hours of transport per
tonne

Hours of labour per tonne

Total hours of work per
tonne

Total salaries
per tonne, €

(kmph)
Landfill Large truck, 6 t, 296 0.82 0.50 1.32 31.83
60 kmph
Incineration with Large truck, 6 t, 457 1.27 0.58 1.85 44.40
Heat Recovery 60 kmph
Co-Processing (in Large truck, 6 t, 729 2.03 1.63 3.66 88.62
Germany) 60 kmph
Furniture Large truck, 3 t, 59 0.25 19.00 19.25 486.24
Manufacturing 60 kmph
Bridge Fabrication HGV trailer, 1t, 30 59 0.49 19.25 19.74 498.29
kmph
b. SWOT scores for commercial potential input metrics
Strengths (Score) Weaknesses (Score) Opportunities (Score) Threats (Score) Score (S-W +
0-T)
Landfill Availability, Socially not popular and Can cope with larger Increasingly strict -1.7
Scalability (3.7) may be become expensive  quantities (2.7) regulation and fee
(4.0) increases are likely (4.0)
Incineration with Heat Recovery Generates some Liable to EUA prices (3.0)  Can cope with large Emissions legislation 0.7
income, Availability quantities (4.0) (4.2)
(3.8)
Co-Processing Generates some Investment needed (2.3) Can cope with large Emissions legislation 2.2
income, Recyclable quantities (4.3) (3.5)
image (3.7)
Furniture Manufacturing Very profitable, Large ~ Curved blades are Green image, large market Raw material consistency 4.3
market, Green image awkward to work with for repurposed goods (4.0) 1.7)
(4.3) 2.7)
Bridge Fabrication Profitable, Green Small market, Civil Green image, cheap material, Unforeseen properties of 1.7
image (4.3) engineering approvalmay  Technology can expand to composites, Certification
be difficult, (3.8) other uses (4.0) (2.8)
c. Real option model parameters for determining the R&D values, based on (Deeney et al., 2021)
Landfill Incineration with Heat Co-Processing Furniture Making Bridge
Recovery Fabrication
R&D implementation, € 100,000 500,000 500,000 5,000,000 5,000,000
Fixed Monthly Cost, € 500 1000 1000 50,000 50,000
Fixed cost monthly growth rate 0.01 0.01 0.01 0.01 0.01
Implementation time, months 12 12 12 12 12
Implementation duration, months 240 240 240 240 240
GFRP Amount, t/month 267 267 267 267 60
Initial income, €/t 38 200 200 4051 6000
Labour cost, €/t 29 37 60 1027 1035
Liable to EU ETS 0 1 1 0 0
Initial running cost, €/t) 10 20 25 500 1000
Cost change factor 0.8 0.8 0.7 0.5 0.25
Carbon capture €/ t 40 40 40 40 40
European Emission Allowances price, €/t 30 30 30 30 30
Final value €m 6.8 15.6 13.0 232.9 73.8

estimate of transport hours uses information from GIS for the mean
distance from windfarms to the nearest market town, the nearest landfill
and the nearest incinerator. It is assumed here that co-processing takes
place in Germany and therefore involves considerable transport time
(see Table 3, panel a). Using the GIS data, a subgroup of authors with
specific expertise in business, sociology and geography estimated the
times required for transport and labour, and hence the Salary metric.

In order to estimate the Commercial Potential (potential of the al-
ternatives becoming a profitable business) of the five alternatives, four
academics with expertise in circular business models and energy finance
are surveyed. A SWOT analysis (Helms and Nixon, 2010; Tugrul and
Cimen, 2016; Coelho Junior et al., 2020) is used to compare the Com-
mercial Potential of the five alternatives. The score for each alternative is
given by: Score =S - W+ O-T, where S, W, O and T are the marks out of
five for strengths, weaknesses, opportunities and threats averaged over
the participants. The rationale for the decisions is further explained in
Online Supplementary Files, and the scores from the exercise are given
in Table 3 (panel b).

As an indication of the future opportunities of the alternatives the
R&D Value may be estimated by real options analysis methods which
are used extensively to evaluate R&D investments (Herath and Park,

2002; Cassimon et al., 2011; Fernandes et al., 2011; Wesseh and Lin,
2015). The method of (Deeney et al., 2021) is used, which considers the
value of an R&D process which is developed to reduce the cost of each
alternative while considering the random natures of the income and
expenditure of each alternative in a carbon trading environment. The
values of the parameters used for the R&D pricing model for each of the
five alternatives are shown in used for the R&D pricing model for each of
the five alternatives are shown in Table 3 (panel ¢) which summarises
the salary and hours of work calculations. The hours of work and
transport which are required for the total salaries is estimated by the
group who provided the SWOT analysis. An estimate of the income from
furniture is based on IKEA prices. The overall parameters of R&D model
are taken from Deeney et al. (2021) and kept the same for each alter-
native to allow a fair comparison. Carbon capture price is based on IEA,
2019,(IEA, 2019a).
(More details can be found in the Online Supplementary Files.

2.1.2.2. Social input metrics. Hours of Work, which measures the time
needed to process a tonne of GFRP for each alternative, is used as a
source for scoring the first social input metric in Table 1. This gives a
measure of the employment which can be expected per tonne of blade
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waste. The estimates are based on discussions with the same group of
academic experts as supplied the SWOT analysis.

The Educational Level data is taken from the 2016 Irish Census data
(CSO, 2020b) for maximum educational attainment for a selection of
jobs. The scale changes from 1 for a basic primary level education to 10
for a doctoral degree and are weighted according to the numbers of
people in the particular type of job (see Online Supplementary Files for
details).

In order to assess the level of Community Support (i.e., community
approval and lack of objection) for the five alternatives, a Delphi/AHP
study with two rounds (as explained in Section 2.2) was conducted
amongst an expert group of ten sociologists and academics with expe-
rience in community work in an Irish context, following (Revez et al.,
2020). They were questioned about what in their opinion, would be the
level of community support for the various alternatives.

For the Accident Rate input metric, the Irish Health and Safety Au-
thority (HSA, 2018) was a source of data on the rates of fatalities by
economic sectors. HSA figures show that, in general, the fatality rates of
workers in Transport and Storage sector are twice that in the Industry
sector. Those rates are 4 and 2 per 100,000 workers of the sectors,
respectively.

2.1.2.3. Environmental input metrics. The environmental metrics,
Ecosystem Quality, Human Health, Resources and GHG are taken
from life cycle assessment (LCA). The functional unit is the disposition of
one tonne of decommissioned wind turbine blade material for 20 years.
The assumptions are that co-processing happens in Germany, that
bridges are disposed of using co-processing and furniture is disposed of
by landfill. LCA software SimaPro 9.0.0.3 (PRe Sustainability, 2019) is
used, in conjunction with life cycle inventory database Ecolnvent 3.6
(Wernet et al., 2016). Within SimaPro, life cycle impact assessment
method IMPACT2002+ (Humbert et al., 2015) is used, which reports
impacts in both midpoint and endpoint categories, and incorporates the
IPCC 100-year time frame for Climate Change impacts. Ecosystem Quality
units are expressed in ‘Potentially Disappeared Fraction of species over
1m? over 1 year’ (PDF* m?*yr). Human Health is expressed in disability
adjusted life years (DALYs). Resources is expressed in mega joules (MJ)
and combines non-renewable energy consumption and mineral extrac-
tion. GHG is the sum of all greenhouse gasses expressed in kg of carbon
dioxide equivalents.

2.1.3. Normalization

All the metrics are normalised onto a scale from zero to one, where
zero is the least beneficial/desirable and one is the most beneficial/
desirable following (Clark et al., 2020) and (Horan, 2020). The
following transformations, in Eq. (1) and Eq. (2), are proposed from the
metric’s original value (x), to the normalised value (y). For “beneficial”
metrics where a larger value of the metric is more beneficial (Salary,
Commercial Potential, R&D Value, Hours of Work, Education Level and
Community Support) Eq. (1) is used.

x — min{X}

- max{X} — min{X} )

y
where, X is the set of x values taken by the five alternatives. Applying
this to the first economic metric, Salary, and taking the following values
from Table 1a, X = {31.83, 44.40, 88.62, 486.24, 498.29} with a min{X}
= 31.83 and max{X} = 498.29 we have Y = {0, 0.03, 0.12, 0.97, 1}.
The “non-beneficial” metrics are: Accident Rate, Ecosystem Quality,
Human Health, Resources and GHG. For these metrics, a greater number is
less desirable than a smaller number. For these metrics, (2) is used.

max{X} — x

= max{X} — min{X} 2
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2.2. Delphi study/AHP analysis to establish weighting factors

In order to combine the metrics into the Sustainability Indices using
the MCDA methods, it is necessary to have weighting factors for the
three dimensions of sustainability, economic, social and environmental,
and to have weighting factors for the metrics. To obtain these a Delphi
Study is carried out amongst 20 members of an international research
network, Re-Wind?” based in Ireland, UK and USA, were contacted for the
Delphi Study/AHP Analysis. These researchers have spent several years
examining composite recycling and end-of-life alternatives for wind
blades including manufacturing of housing, bridges, pylons, shore
groynes and traffic noise barriers (Bank, Arias, et al., 2018; Bank, Chen,
et al., 2018; Yazdanbakhsh et al., 2018). The use of academic experts in
a Delphi study follows (Herath and Park, 2002; Park et al., 2020; Revez
et al., 2020). Fifteen participants responded to the first round and 13 of
these responded to the second round. The use of 13 respondents with
two Delphi rounds, is within the normal range for Delphi Studies (Dia-
mond et al., 2014; Van Schoubroeck et al., 2019).

In the first round of the Delphi Study each respondent completed four
sets of pairwise comparisons (red rectangles in Fig. 1) which were used
to build AHP pairwise comparison matrices (PCMs) following (Saaty,
2002). Respondents also provided short statements of their reasoning.

The first set of pairwise comparisons related to the relative impor-
tance of the Economic metrics of Salary, Commercial Potential and R&D
Value; the second related to the relative importance of the Social metrics
of Hours of Work, Education Level, Community Support and Accident Rate;
the third related to the relative importance of the Environmental metrics
of Ecosystem Quality, Human Health, Resources and greenhouse gases
(GHG) and the fourth related to relative importance of Economic, Social
and Environmental sustainability.

In the second round the participants were given the weights as
calculated by AHP from the first round, and an anonymised list of the
statements explaining the rationale for the decisions. They were asked to
repeat the pairwise comparisons. After the second round the Delphi
Study concluded as the three stopping conditions of consensus, consis-
tency and convergence were met (Section 2.2.1) were met.

2.2.1. Consensus, consistency and convergence conditions

It is important to have an objective and practical method to decide
when to conclude a Delphi Study (Diamond et al., 2014). The following
stopping conditions requiring consensus, consistency and convergence
were used.

Consensus can be tested with the Kendall’s W statistic (Kendall and
Smith, 1939; Yusof et al., 2018) which ranges from a value of 0 for no
consensus to a value of 1 for unanimity. The method to calculate Ken-
dall’s W uses the ranking order given by each participant. It is therefore
invariant to the specific strength of opinion expressed by the partici-
pants, thus each participant has the same influence on the degree of
consensus. To develop a consensus stopping condition, let K; be the
value of Kendall’s W from the i round of a Delphi study. Then the
possible improvement after the next Delphi round can range from K; to
1; it would be impossible for a high value of Kj, such as 0.8, to increase
by more than 0.2 from the i round to the next round (the i + 1th
round). It is therefore suggested that a stopping condition be an
improvement of at least 5% of the maximum possible improvement, i.e.
if (Ki;1 - K;)/(1 - K;) > 0.05, then the Delphi study may stop (if the other
two stopping conditions below are also fulfilled).

The next stopping condition is consistency. The PCM records a se-
ries of paired comparisons not a multiple simultaneous comparison. For
example given three choices, A,B and C it is at least theoretically possible
for a respondent to prefer choice A to B, B to C and C to A, which is
inconsistent. (Ergu and Kou, 2012) and (Lin et al., 2013) find that it is
hard to get perfect consistency for several reasons: humans do not

2 Website available at www.re-wind.info
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usually think entirely logically; the decisions being made by the re-
spondents are complex; and the scale used for their responses may also
present difficulties. It is therefore important to use a testing condition for
consistency.

The most widely used AHP consistency test from (Saaty, 2002)
compares the consistency index, CI, of the PCM with the mean consis-
tency index, CR, of randomly generated similar sized matrices. The
consistency index is defined as, CI =4 where A is the maximum
eigenvalue of the PCM and n is the order of the square PCM (the number
being compared). If the PCM is perfectly consistent then CI is zero. AHP
consistency test is that the ratio of CI/CR is less than a given threshold.
The given thresholds are 0.05, 0.08 and 0.10 for PCMs of size three, four
and five or more.

Finally, to be assured that the experts are gradually converging to an
agreed opinion rather than oscillating between divergent positions, a
convergence condition is imposed. The weights are the normalized
eigenvectors corresponding to the largest eigenvalue of the PCM
matrices (Saaty, 2002). Let the weight distance d ;, between two sets of
weights of length n from consecutive rounds producing the weights (w; 1,
Wi2,..., Win) and Wit11, Wit12,..., Wit1n) from the it and subsequent (i
+ 1th) Delphi rounds is defined by Eq. (3) The convergence condition is
that d;<0.05.

1 n
di =— Z (Wi,k - Wi+l,k)2 3

nia

When all three conditions for consensus, consistency and conver-
gence are met the Delphi process may conclude because the weights
agree with each other (consensus), are logically consistent and are stable
(convergent).

2.3. Construction of sustainability indices and integrated indices using
MCDA

With the weights obtained from the Delphi Study (Section 2.2),
Economic, Social and Environmental Sustainability Indices are created
using each of the MCDA methods: AHP, PROMETHEE and ELECTRE
(three green circles in Fig. 1). These three MCDA methods are now
described, followed by a description of the method to produce integrated
sustainability indices.

2.3.1. Economic, social and environmental sustainability indices

AHP supplies three services to this investigation: (i) it provides a
theoretical framework for the arrangement of the SDGs into a hierarchy
under the three dimensions of Economy, Society and Environment; (ii) it
allows the qualitative information from the Delphi Study to be syn-
thesised into quantitative data; and (iii) the AHP consistency measure is
used as one of the stopping conditions for the Delphi Study as explained
in the previous section. The last use of AHP is, to the best of the authors’
knowledge, a contribution to the literature.

Explicitly, the AHP Sustainability Indices (SI) are defined as follows
in (4), Egs. (4)-(6), where j = 1,2,..,5 indicates the five alternatives.:

EconomicSIipp(j) = N(Sal(j)).wsa + N(ComPot(j)).Wcompor
+ N(R&D(j)) - Wren 4

SocialSIyp(j) = N(Hours(j)) Wrows + N(Edu(j)).weay
+ N(ComSup(j)) - weomsup + N(Acc(j)) Wace (5)

EnvironmentalSLiup(j) = N(Eco(j)) Weeo + N(Hum(j)) - Wam
+ N(Res(j))-Wres + N(GHG(j)) . wonc ©)

Where, each wy indicates the weight of the k metric, so that for
example: Wsqg + Weompor + Wrep = 1, etc. and N indicates the normal-
isation function as described in Section 2.1.3, Sal(j) is the value of the
Salary input metric for alternative j, etc.
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This produces three sustainability indices using AHP, which allocate
a score to each of the five alternatives, the larger the number the greater
the level of sustainability.

PROMETHEE is reasonably easy to use, it works well for real life
problems and gives a complete scored ranking of the alternatives
(Pohekar and Ramachandran, 2004; Vavatsikos et al., 2020). It is
therefore a useful way to confirm the AHP results. PROMETHEE is used
to provide a complete ranking of the alternatives following (Brans and
Vincke, 1985). It takes the input metrics and their weights to produce a
sustainability index for each dimension. The resulting indices are quite
similar to the sustainability indices using AHP, in that both produce
numerical scores. For technical details see (Brans et al., 1984; Brans and
Vincke, 1985).

ELECTRE is different from AHP or PROMETHEE, in that it produces a
ranking of the alternatives rather than numerical scores. Specifically, it
provides a matrix which indicates the relative pairwise rankings
(Zanakis et al., 1998) of the five alternatives. ELECTRE uses the input
metrics and their weights to produce the three Sustainability Indices.
ELECTRE has been used extensively for environmental and business
management (Govindan and Jepsen, 2016). Sometimes ELECTRE does
not produce a clear overall ranking of all of the alternatives, however it
is very useful as it offers a different perspective from AHP and PROM-
ETHEE. For details see (Almeida, 2007).

2.3.2. Integrated sustainability indices

The integrated sustainability indices combine the three sustainability
indices so that it might be clear which of the five alternatives are the
most sustainable. The construction of the AHP, PROMETHEE and
ELECTRE integrated Sustainability Indices follows.

AHP is used to combine the three Sustainability Indices into a single
AHP Integrated Sustainability Index in Eq. (7) by multiplying the index
values for alternative j, by the weights for the individual indices, thus,

IntegratedSlyyp (j) = Economic SIyup(j)-Weeon + Social SIuup(j)-Wsoc

+ Environmental SIypp(j)-Wen 7)

where the weights (Wgeon, Wsoc, Weny ) are determined by the Delphi
Study and the three Sustainability Indices are defined in (4), Eq. (4), Eq.
(5) and Eq. (6). The three weights expresses the relative importance of
the economic, social and environmental dimensions of sustainability.

The AHP Integrated Sustainability Index may also be expressed in (9)
when the concept of a generalized weight is introduced. The generalized
weight is the weight of an individual metric which takes into account the
weight of its dimension, thus for example the generalized weight of
salary (GWyq) is obtained by multiplying the Economic weight (Wg¢,)
by the salary weight (Wsy), where the economic weight is chosen
because Salary is an economic metric. These generalised weights are
given by Eq.8:

GWsa=WEcon-WsalyGW ComPor =W Econ-W ComPot, GWR&D =W Econ-WR&D
GW Hours =WSoc - WHours 5 GWEdu=WSoc - WEdi;GW ComSup =WSoc W ComsupsGWace=Wsoc - Waec$
p p
GWE(‘(J =WEn -WEco, GWHum =WEnv-WHum GWRes =WEny-WRes GWGHG =WEny - WGHG -

€))

Therefore
1
IntegratedSlyyp(j) = Z Gw;N (m)) ©)
i=1

where i = 1,..,11 represents all eleven metrics which have a value of m;
for alternative j, which is normalized as N(myj). Since Eq. (9) has the
same format as (4), Eq. (4), Eq. (5) and Eq. (6) it is seen that these
generalized weights make it possible to directly compare the relative
importance of all of the metrics, even those from different dimensions of
sustainability. This offers an interesting perspective on the diverse
metrics, at least from an integrated AHP point of view.

The integrated SI using PROMETHEE is produced by using the three
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Fig. 2. Weights of sustainability dimensions, individual metrics and generalized weights. The weights of the sustainability dimensions of Economy, Society and
Environment are given on the far left, the weights of the input metrics within their dimensions are given in the vertical list and the generalized weights for the

dimensions are indicated in the bar chart.
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Fig. 3. AHP and PROMETHEE Sustainability Indices. Panels a and ¢ show the
AHP and PROMETHEE Sustainability Indices for the three dimensions of
Economy, Society and Environment. Panel b and d show the Integrated indices
for AHP and PROMETHEE. Note that Landfill scores zero on all the indices
in AHP.

PROMETHEE Sustainability Index values for each alternative and the
weights for each dimension(Wgcon, Wsoc, Weny ), as the inputs for a
second application of PROMETHEE. Note that applying PROMETHEE
once to all eleven metrics using the generalized weights does not pro-
duce the same result.

ELECTRE does not produce values but it produces ranking positions.
These numbers, even if they make a complete set of rankings, are not
usable by ELECTRE for a second application to calculate an integrated
Sustainability Index. To make an ELECTRE integrated sustainability
index it is therefore necessary to use the Generalised weights and to
apply ELECTRE to all eleven metrics at once.

3. Results and discussion
3.1. Sustainability dimension of the individual dsdg metrics

The Delphi Study in Section 2.2 produced the weights for the indi-
vidual metrics within their dimensions and the weights for the di-
mensions (economic, social and environmental) as displayed in Fig. 2.
Within the economic metrics it is noticeable that the weight for Com-
mercial Potential is roughly twice that of the other two. This may indicate
that the future expectation of success, as measured by this metric, is a

Society (0, 100%,0)

A (0, 91%, 9%)

Bridge

B (37%, 0, 63%) i o
Economy (100%, 0, 0) ( 5V ) Environment (0, 0, 100%)

Fig. 4. Ternary Plot of Dimension Weights showing areas where furniture
making is in first place (red) and where bridge fabrication is in first place
(purple). A, B, C, D, E are explained in text.
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more pertinent indicator of economic sustainability than the current
salaries or the possibility of future R&D improvements. Within the Social
metrics it is seen that Community Support and Hours of Work carry the
most of the weight. This may be a result of the importance of community
agreement for wind farm developments and the need for community
benefits from renewable energy projects (Rogers et al., 2008; Cowell
et al., 2011). It may also indicate that worker welfare (as measured by
Education and Accidents) is now taken for granted. Within the envi-
ronmental metrics it is clear that GHG output is considered by far the
most important consideration of environmental sustainability. One of
the participants gave the following as part of their rationale, “Greenhouse
Gas reduction is time critical at the moment - it should be prioritised over any
other indicator”.

Between the three dimensions the weight given to the environment is
roughly twice that of the other two dimensions. This may be a result of
the people whose opinions were sought, they were a group of re-
searchers. In the sensitivity analysis (see Section 3.3) this possible source

Table 4
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of bias will be explored. One participant gave the following rationale: “I
think that social criteria is important as it will encourage people to engage
with reuse. However, I think environmental is most important as it relates to
accountability of choices. I recognize that economic is important, but I do not
value it in relation to the others.”

To compare metrics from different dimensions, generalized weights
were introduced (8) which take account of both the weight of the metric
within the dimension, and the weight of the dimension. Generalized
weights are displayed in the horizontal bars of Fig. 2, which make it clear
that GHG is much more important than any of the other metrics, which is
not immediately apparent from the weight of 38% for GHG within the
Environmental metrics and 48% to Commercial Potential within the
Economic metrics. The weights within dimensions are listed for the
eleven metrics and the generalized weights between the dimensions are
listed on the left of Fig. 2.

Sensitivity of Weights and Values of Metrics. In panel A Pink cells indicate that the first and second alternatives (bridge fabrication and furniture making) have swapped
as a result of sensitivity. Yellow cells indicate no change. In panel B Pink cells indicate the swapping of (1st, 2nd,and 3rd,4th) places. D and E are explained in Ternary

plot (Section 3.4).

A Size of Change in the Weight (Figure 2)
Dimension S8 8|« R § § § § :é
A I I A R B T o Y + + + +
Economic Salary
Com Pot
R&D Value
Social Hours of Work
Education Level
Community Support
Accident Rate
Environmental | Eco Quality
Human Health
Resources
GHG
Integrated Economic D
Social
Environmental E
B Size of Change in the Value of the input Metrics (Table 1)
Landfill Incineration | Co-Processing | Furniture Bridge
with Heat Making Fabrication
Input metrics Recovery
Salary
Commercial Potential
R&D Value
Hours of Work 1% t0 2™ 1% t0 2™
(above 2.2) (below 0.4)
Education Level
Community Support 1" to 2™ 1 to 2™
(above 2.0) (below 0.52)
Accident Rate 1¥to 2™
(above 1.8)
Ecosystem Quality
Human Health 39t 4™ 1" t0 2™ 1% to 2™
(above 270) (above 1.6) (below 0.65)
Resources 1% to 2™ 1% to 2™
(above 4.4) (below 0.22)
GHG 1% to 2™ 1% to 2™ 1% to 2™ 1% to 2™ 1% to 2™
(above 115) | (above 6.5) (above 4.5) (above 2.5) (below 0.42)
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3.2. Sustainability indices of alternatives

Using the input metric values from Section 2.1, the weights from
Section 2.2 and following the MCDA methods from Section 2.3, the three
sustainability indices for each of the five alternatives as well as a single
integrated sustainability index for the wind blade end-of-life alternatives
are calculated and displayed in Fig. 2:

Fig. 3. The index scores from AHP (Fig. 3, a and b) for each alter-
native range from zero to 1, where a larger score indicates a more sus-
tainable alternative. The index scores for PROMETHEE (Fig. 3, ¢ and d)
can be positive or negative, with the more positive/less negative number
indicating a more sustainable outcome.

Across all the indices it is seen that bridge fabrication and furniture
making take first and second places as the most sustainable alternatives,
with co-processing, incineration and landfill taking the remaining places
in that order. Furniture making takes first place from the economic and

A (0, 91%, 9%)

B (37%, 0, 63%)
Economy (100%, 0, 0)

social points of view, while bridge fabrication takes first place from an
environmental point of view. Since there is a greater weight given to the
environmental dimension, it is bridge fabrication which is seen to be the
most sustainable alternative using the integrated sustainability indices.

Panels a and c in Fig. 3 show the AHP and PROMETHEE Sustain-
ability Indices for each of the three dimensions. It is seen that for the
Economic, Social and Environmental indices, both AHP and PROM-
ETHEE, convey the same result, namely that from an economic sus-
tainability point of view, furniture making is the first placed alternative
by areasonably large margin, and it is also the leading alternative from a
social sustainability point of view, though by a smaller margin. It is also
agreed between AHP and PROMETHEE that, from an environmental
point of view, bridge fabrication has a substantial lead on furniture
making. It is clear that the third, fourth and fifth best choices are always
co-processing, incineration and landfill.

Panels c and d of Fig. 3 display the integrated AHP and PROMETHEE
indices, again there is unanimity between these two MCDA methods.
Due to the particularly large weight on the environment compared with
the other two dimensions, bridge fabrication has a small lead on furni-
ture making. The factors which may affect these relative positions will
be examined in some detail in the Sensitivity Analysis in Section 3.3.
Again, there is agreement between AHP and PROMETHEE on the third,
fourth and fifth ranking positions (co-processing, incineration and
landfill).

There is agreement between the ELECTRE Economy rankings and
those of AHP and PROMETEE. ELECTRE results for Society placed
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bridge fabrication in first place with furniture making in second place,
this does not agree with the AHP (and PROMETHEE) score of 0.94 (and
0.51) for furniture making and 0.91 (and 0.48) for bridge fabrication
(see Fig. 3), however it is clear from these numbers that there is little
difference between these two alternatives. ELECTRE was unable to
distinguish between first and second place in its Environmental sus-
tainability index, but in common with Economy and Society, it placed
co-processing, incineration and landfill in 3rd, 4th and 5th places in
agreement with the other two MCDA methods.

3.3. Sensitivity analysis

Sensitivity testing is important for an assessment of complex systems.
In this case where a combination of qualitative and quantitative infor-
mation has been combined, such testing acts to assure the quality of the
results and the reliability of the conclusions (Walker et al., 2003;

Environment (0, 0, 100%)

Refsgaard et al., 2007; Liu et al., 2011; Chen et al., 2013). The one at a
time (OAT) method is used in order to precisely identify which of the
many variables are most important for the results (Flores-Alsina et al.,
2012; Chen et al., 2013). For brevity the focus will be on any change to
the ranked places of the AHP integrated index. As explained in Fig. 2: .
and

Fig. 3, the most sustainable end-of-life alternatives are, 1st place to
bridge fabrication, 2nd to furniture making, 3rd to co-processing, 4th to
incineration and 5th to landfill. The following are varied and the sus-
tainability indices are recalculated:

i Variations to Delphi Study participant selection: One, two and three
participants were omitted from the Delphi Study producing 13, 78
and 286 new scenarios. There were no changes to the ranking
sequence for any of the 13 scenarios where there was one omission,
the first and second places swapped for 14% of the two person
omissions and 18% of the three person omissions. None of the 3rd,
4th or 5th places changed.

ii Variations to weights: The 11 input metrics’ weights and the three
dimensions’ weights were varied by a range of values from —20% to
+40%, accompanied by an equally shared opposite change in the
other metrics. These variations resulted in first place going to
furniture making and second to bridge fabrication for 15 of the 168
variations. For example, if the weight of Eco Quality is increased from
26% to 36%, (with 3.33% decreases to the other three Environmental
metrics) then first place goes to furniture making instead of bridge
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fabrication. The sensitivity to weights is visualised below in the

ternary plot (Fig. 4), which illustrates the weight combinations D and

E from Table 4, panel A.

Variations to input metric values: The 55 input metric values, in

Table 1, were each multiplied by a wide range of values from zero to

one thousand in order to find factors which would bring about a

change in the results. For example, when the value of Hours of Work

for furniture making was multiplied by 2.2 or more, i.e. varying it
from 19.2 to more than 42.2, then furniture making took first place

instead of bridge fabrication. There were changes for 15 of the 55

metrics, two of which involved factors greater than 10, and only one

of which swapped 3rd (co-processing) and 4th (incineration) places.

This sensitivity test shows that Community Support, Accident Rate, and

Human Health are quite important in determining the outcome of the

integrated index, because these can swap the first and second places

when multiplied by a number bigger than 2 (or less than 0.5). Note
that most of the changes to first and second places are a direct result
of changes to their own metrics with the exception of GHG which has
the largest generalized weight of all the metrics. Only a huge factor of
more than 270 to Human Health changes any other placings, see

Table 4, panel B.

Variations to hierarchy structure: The PROMETHEE indices were

recalculated with a single level hierarchy using the generalized

weights, there were no changes to the placings.

v Variations to some modelling assumptions: If co-processing were to
happen in Ireland rather than Germany, there would be no changes
to the placings. If the assumption of furniture end-of-life being in
landfill was varied to, more than 37% of the furniture going to co-
processing, then first and second places changed.

=

ii

3.4. Ternary plot

In order to illustrate the effect of different combinations of metrics, a
ternary plot in

Fig. 4 is used, (for more details see Online Supplementary Files). The
combination of weights (Wgcon, Wsoc;, Weny ) for the dimensions of
Economy, Society and Environment, is represented as a point which is a
distance wgeon perpendicularly away from the side opposite the economy
vertex, and similarly for wg,. and wgy, . This means that a combination
of weights which has a high emphasis on Society such as point A, is close
to the society vertex of the triangle. The points A and B correspond to
combinations of weights where the AHP Integrated Sustainability Index
for furniture making and bridge fabrication are equal, and therefore
furniture making and bridge fabrication are considered equally sus-
tainable for these combinations of weights along the line AB. Since AHP
uses only linear functions, the boundary between the areas of the ternary
plot where first place for sustainability goes to furniture (red zone) or
bridge fabrication (purple zone) is a straight line along AB. The point C
(0.22, 0.28, 0.50) is the combination of weights as found by the Delphi
Study (see Fig. 2). It is seen that in relation to the entire triangle of
possible weight combinations, C is very close to the boundary. The D
position, in Table 4, panel A, corresponds to an increase of 10% to the
economic weight and a decrease of 5% for both social and environ-
mental compared to position C. For D this combination of weights makes
furniture making is the most sustainable alternative. The point E shows
that if the weight for Environment decreases then furniture can be in
first place. This indicates that changes to the current weights (C) for
environment and economy are important for determining first place,
whereas a larger change to with weight for Society is required to change
the result.

As for the other three alternatives, landfill, incineration and co-
processing are consistently in 5th, 4th and 3rd positions, so that no
combination of the weights results in a change in their ranking positions.

An advantage of this method of illustrating the weights it that it is
clear what size and direction of a variation in the weights is required for
a change in ranking positions.
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3.5. Further research directions

In the specific application to wind turbine blades, new research is
called for in several directions, first is to design blades so that they are
easier to recycle whether by using different construction materials,
(Hagnell and f%kermo, 2019; Wu et al., 2019) or by using a modular
design which may be de-constructed more easily (Cherrington et al.,
2012; Sassanelli et al., 2019). Research into the objects which can be
made from blades is not confined to bridges and furniture, (Bank et al.,
2018) suggest many more possible uses. Another direction for further
research is to look at the repurposing possibilities for the larger blades
used in offshore wind power. A different extension of this research is to
compare the relative sustainability of investment opportunities. This is
important because between 2018 and 2019 investment in “sustainable”
businesses in the USA increased from US$5.5bn to US$20.6bn (Rozen,
2020). This is driven by the need to diversify portfolios away from in-
vestments threatened by climate change actions (Curtin et al., 2019) as
well as a desire from the public to invest in sustainable businesses. There
is therefore, a need to assess the sustainability of investments. This has
recently been given a boost in the EU because of a defined taxonomy for
sustainable activities (European Commission, 2020).

4. Conclusions

This investigation has proposed a method to use the UN SDGs to
select metrics to assess sustainability in a fair, objective and robust
manner, and applied this method to end-of-life alternatives for wind
turbine blades. These alternatives in increasing order of sustainability
were landfill, incineration with heat recovery, co-processing, furniture
making and bridge fabrication. Furniture making and bridge fabrication
were quite close to each other in terms of the integrated sustainability
indices. These indices were created using dimensions of economic, social
and environmental sustainability with an integrated perspective
bringing these three aspects of sustainability together. A large array of
sensitivity tests were carried out showing that the results are robust to
substantial changes in the inputs to the assessment.

The first conclusion is that beginning from the UN SDGs it is shown
that the integrated sustainability index developed in this investigation,
is in agreement with the priority order from the EU Waste Directive and
the waste hierarchy from the EPA in the USA.

The second conclusion of this research is that it is possible to use the
UN SDGs in a practical, robust and fair decision-making process. The use
of three MCDA methods shows that the results are consistent across
different methodologies. This use of a multi-layered weighting system
which justifies its results with multiple MCDA methods, can be of service
to the waste management industry.

The third conclusion is that there are important nuances to be found
between different dimensions of sustainability and hence there is a need
for an integrated approach, such as is used in this investigation.

The investigation also offers a novel consensus-consistency-
convergence stopping condition for the Delphi Study to add a degree
of objectivity to the analysis of experts’ opinions. The stopping condi-
tions are specific to the combination of AHP questioning under a Delphi
Study format.

As with any research there were limitations to this investigation.
There was a degree of subjectivity in the opinions gathered by the Delphi
Studies and the SWOT analysis for the weightings. There was also some
degree of estimation inherent in the expert opinions used in the other
modelling parameters, such as the R&D price modelling. While the
investigation used Irish data, the conclusions are however not specific to
Ireland because a great deal of the data is not specific to the Irish
context, and may be considered to be representative of the EU and
probably of most industrially developed countries. As for the other
possible sources of error, these were tested with an extensive sensitivity
analysis which showed that the results were remarkably robust and
reliable.
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Given the scale of problem presented by the decommissioning of
wind blades as well as many other waste and recycling challenges, there
needs to be a practical method to assist in making decisions which
compare the sustainability of different end-of-life choices. This assess-
ment method may be applied to many other sustainability choices, and
to the growing field of green investment and sustainable finance to assist
other researchers and policy makers. The methods in this paper offer one
way to help solve sustainability decision making problems.
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