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The Three Dimensions of Integrated Sustainability

@ Circularity @

Focuses on resource loops, waste minimization,
and reuse

@ Environmental Sustainability

Emphasizes carbon footprint, emissions,
pollution, and resource depletion

l@‘
@ Social Sustainability @

Covers labour conditions, equity, health &
safety, and governance
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Why combine Circularity, Environmental & Social dimensions?

P ——

T No integrated approach to combine circularity, environmental & social indicators in manufacturing
s v 2 Limited expert validation or prioritization in existing frameworks

: 6% Circular and social metrics remain fragmented, especially compared to standardized economic one
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Unified Framework

Combining CE, environmental and social
dimensions together

Expert-driven prioritization

Using Bayesian Best-Worst Method (BWM)

Manufacturing-specific

Standardization for indicator categories

Social Sustainability

Redefined: includes workforce, supply chain,
and community impact 3
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Methodological Framework for Integrated Sustainability Assessment

Reviewed academic literature to identify relevant
indicators specific to circularity, environmental, and social
sustainability in manufacturing.

Indicators were filtered for relevance, feasibility, and
clarity, then grouped into 12 circularity, 12 environmental,
and 7 social sustainability categories.

Applied the Bayesian Best-Worst Method (BWM) to
capture expert input and assign relative weights to each
category, using a probabilistic aggregation approach.

The weighted categories formed the basis of a multi-
criteria framework to assess the sustainability performance
of different manufacturing alternatives.

Used the PROMETHEE-Il method to generate a complete
ranking of alternatives, revealing trade-offs across
circularity, environmental, and social dimensions.




Review Protocol for Identifying Circularity, Environmental and Social Sustainability Studies

Identification ldentification of Social Sustainability studies -onmental Sustainability studies
" "
Records idenfified from: i = 36): Records removed before screening (n = 202);
E Scopus (title only) (n= 288) = Records identified from: Records remaoved before screen _f]g{n 35:2 ) : g -J'
2 8 Scopus (iifle only) (n = 164) « Documenttypes other than journal, review, * Documenttypes other than journal, review,
E Keywords used: = P ¥ or peer-reviewed conference paper ar peer-reviewead conference paper
.L‘E "'Cfn"CUJ'arft,.-"":. “circuiar E . |————» ™ SUbJECt areas outside Environmental I SUDJEH areas outside Environmental
= economy”, ‘reuse”, = Keywords used: Science, Energy, or Engineering Science, Energy, or Engineering
. x . 4 ® a = f f R
< “recycling’”. “circular E SDEI:LSN_DU_SU?EILHEID . Non-English language . Man-English language
transition” AND “indi 5 “indicator* . -
transition™ AND “indicator e No full-text access Mo full-text access
— +
¥ l
Records screened — Reports excluded (n=240):
(n=211) Records screened _| Reports excluded (n=84): « Mo measurable indicators
= (n =128) *| * MNomeasurable indicators »  General sustainability focus without metric-
E = «  General sustainability focus without metric- — level detail
= - level detail =  Focus on sectors irrelevantto
E i @ l « Focus on sectors irrelevantto manufacturing
wh Full-text articles assessed for o manufacturing
eligibility b Full-text articles assessed for
(n = 59) eligibility
— (n =44)
S
3
2 Studies included in review
T} (n =59) o
E = Studies included in review
E (n =44)




Workflow for Identifying and Structuring Sustainability Indicators

Phase 1: Longlist Compilation

Systematic Litersture Review (Scopus) @P;—; oot Indicat
+ 58 Circularity papers : 414 E"m.J rity nntal or=
+ 40 Environmental Sustainshility papars 5 tarm:?ll'-m-lendicat
» 44 Social Sustsinabiiity papers . Theane S'?;taina HI‘.::
Indicators

Phase 2: Systematic Filtering

Actions: Outputs:
»  Remove duplicatas *  Focusad indicaiorlist per
»  Exclude quslitative-only, overly specific, overy pillar
broad, regulatory-only indicators. *  Quantitative, semi-
*  Retsin semi-quantitative, quantitative and quantitetive and
compaosite indicators composite onby

Phase 3: Indicator Pricritization

Circularity & Environmentsl Sustsinability |ndicators:
#  Scored across T ontenia;

([ relevance to manufacturing,
relevanca to pillar,

(i) feasibility,
() operstionsl ussfulness,
[w) cost-effectvenass, Cutputs:

[wi) stakeholderengagament,
[wil) integrative potential

*+ 1-3scake

#»  |ndicators sconing below 15 points were
flagged for review orremovsl

Socisl Sustsinabilty Indicators:

#» Mo formal ranking due totheirinterconneded

Finzl zhortlizt of top-rank=d
indicators foreacdh pillar

nature
Phase 4: Cate gorization into Thematic Groups

LCstesories:
#»  Circulanty Indicators

Actions: [EC1-'{:12:I sl

*  Group Indicators into thematic cetegonies . mirmnmean .

«  Align with litersture snd manufacturing contet [SE“itE;r;b"“'mmm
#»  Social Sustainsbility

Indicators (51-57)




Categorization of Indicators Across Sustainability Dimensions

Circularity Environmental Sustainability Social Sustainability
Cat. Description Cat. Description Cat. Description
C1 System-Level Circularity E1 Acidification S1 Employment
C2 Product Design & Adaptability ~ E2 Air Quality S2 Labor Standards
C3 Economic & Value Metrics E3 Climate Change S3  Fair Compensation
C4 End-of-Life Management E4 Env. - Economic Trade-Offs S4 Ethical Practices
C5 Production Process Efficiency E5 System-Level Env. Metrics S5 Health & Safety
C6 Raw Material Composition E6 Eutrophication S6 Governance
C7 Durability & Longevity E7 Ozone &Radiation Impact S7 Impacts on Society
C8 Remanufacturing & Refurbishing E8 Packaging - -
C9 Resource Efficiency E9 Material Sustainability - -

C10 Waste Flow & Management

E10 Resource Use & Depletion

C11 Recovery, Reuse & Reutilization E11 Toxicity
E12 Water Management

C12 Recyclability & Recycling




Survey Methodology for Expert-Driven Prioritization

Q General Survey Research Objective

To derive reliable expert weights for the 31 indicator
categories across circularity, environmental, and social

dimensions, enabling balanced and standardized

assessments in manufacturing

Specific Survey Research Objectives

Gather expert opinions across
academia, industry, and policy

Prioritize indicator categories and
generate relative weights using the
Bayesian Best-Worst Method (BWM)

Ensure  consistency in  expert
responses through reliability checks

Translate final weights into a multi-
criteria decision-making model
(PROMETHEE-II), enabling
performance comparison  across

sustainability dimensions /

_____________________________________________ g

Google Forms
Questionnaire

+ expert judgments, tolerate inconsistencies, and generate
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-

~
P Responses from 16 \Ap
individuals from —

manufacturing, supply Questionnaire
chain, sustainabilityand  Apalysis
Multi-modal policy sectors

Participant
Recruitment

"

The Bayesian BWM was adopted for its ability to model uncertainty in

probabilistically aggregated weights. Compared to the classical BWM,
its probabilistic structure enhances robustness, especially with small
sample sizes or incomplete comparisons.

PROMETHEE-II was chosen over other MCDM methods for its capacity
to handle conflicting criteria without requiring normalization or
compensability. Its outranking logic supports more realistic trade-off
analysis, while its full-ranking output offers clearer decision support
than partial-ranking methods like ELECTRE.
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Multi-Criteria Evaluation of Tyre Recycling Alternatives:
Five industrial pathways for EoL tyre valorization, assessed using Circularity, Environmental, and Social indicators

A case study

A3: Moulded objects

Tyres undergo mechanical
devulcanization to be
reshaped into moulded
goods like mats or
industrial parts.

A2: Athletic surfaces

Similar granulation process,
but rubber granules are
repurposed into running
tracks, playgrounds, or
sports flooring.

A1. Turf granulation
Tyres are mechanically
shredded into granules
used as infill material in
synthetic turf systems.

A4: Tyre-derived fuel

Tyres are combusted in
cement kilns or industrial
boilers to recover energy.

AS5: Pyrolysis

Tyres are thermochemically
decomposed in the
absence of oxygen to
extract fuel oil, gas, and
carbon black.



BWM-Derived Weights for the three Indicator Categories

Research Implications

~ Best-Worst Method Derived Weights

Table 1. Weights for the C, E and 5 categonies as obtamed by MCLMMC BWM anzlyvais on ques-

ticnnare data.

C Weight(C) E Weaight(E) 5 Weight(S)
Cl 0.1135 El 0.0724 51 0.1502
c2 0.0838 E2 0.1047 52 0.1710
C3 0.0885 E3 0.1109 53 0.15393
C4 0.0837 E4 0.0749 =4 0.1662
C3 0.0916 E5 0.1070 53 0.1564
Cé 0.0700 Ef 0.0629 S6 0.0820
C7 0.0678 E7 0.0623 57 0.1148
C8 0.0797 E8 0.0404 - -

ca 0.0673 EQ 0.0872 - -

C10 0.0646 El10 0.0814 - -

Cl1 0.0834 Ell 0.0054 - -

C12 0.0820 El2 0.0015 - -
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Method & Data Source |,
Seven expert decision-makers (1 outlier \:
removed) provided pairwise comparisons for i
each pillar. Weights were calculated using the !
Bayesian Best—Worst Method (BWM). }

KeylInsights /7~ TN
* Highest-weighted categories: c1 |
(Circularity), E3  (Environmental i
Sustainability), S2 (Social) !
* Indicates priority emphasis on system- i
level circularity, climate change, and |
labour standards before ranking i
alternatives with PROMETHEE-II. !
* These weights directly informed the i
PROMETHEE-II ranking of alternatives |
presented next. /,’



Best-Performing Alternatives: Circularity, Environmental, & Social

Top 3 performers for each sustainability dimension

A3
Table 2. Rankmmg of alternatives from PROMETHEE-II analysis of the case study payoff data A2
Alt(C) C Flow Alt(E) E Flow Alt(5) S Flow
Al 0.711 Al 0.301 A2 0.368 1
A2 0.433 Al 0246 Al 0.368 2
Al 0.206 A2 0.185 A3 0.129
AS 0246 A5 -0.278 A5 0412 . .
Ad -0.692 Ad 0.456 Ad 0.453 Circularity
f: > : Social ‘
gfls 223 A1l: Turf Granulation .
- Sustainability Environmental
4 _ Sustainability
~ A2: Athletic Surfaces
-
A3: Moulded Objects
*; A4: Tyre-derived fuel
Al1/A2 A3
n . u

A5: Pyrolysis

A5 A2
2 113 2 13



Conclusions, Implications & Future Work

Main Findings

PROMETHEE-II analysis revealed distinct
trade-offs among sustainability pillars,
confirming that alternatives vary in
performance and no single option dominates
across all criteria

Moulded Objects (A3) achieved the highest
Circularity and Environmental Sustainability
scores, showing strong material reuse and lo
environmental burden

Turf Granulation (A1) and Athletic Surfaces

(A2) performed best in Social Sustainability,

reflecting higher employment potential and
local economic benefits

Implications & Future Work

Decision-makers should apply the integrated C—
E-S framework to balance these trade-offs, using
stakeholder-specific weights to reflect local

priorities.

* Pilot the method in real manufacturing settings

and different regions/sectors

* Re-run BWM with broader panels to test
generalizability and reduce subjectivity

* Develop a fully unified decision-support
system that embeds C-E-S criteria into a single
MCDA model, enabling simultaneous trade-off

analysis and composite scoring

Explore hybrid weighting (Bayesian BWM +
data-driven/entropy/CRITIC) to enhance
robustness and manage uncertainty

~
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