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Abstract

Additive manufacturing is increasingly promoted as a pathway toward sustainable production;
however, its Environmental, Social, and Governance (ESG) implications remain insufficiently defined
at the operational level. This study addresses this gap by developing a governance implications
assessment framework to interpret empirically validated life cycle sustainability assessment (LCSA)
evidence for post-consumer recycled polylactic acid (PC-PLA)-based fused filament fabrication (FFF)
within the Australian manufacturing context. The central contribution lies in demonstrating how
LCSA evidence can be translated into decision-relevant ESG information without reliance on product
declaration frameworks or simplified circularity claims. While LCAs and EPDs do not directly
optimise production systems, sustainability-oriented governance can guide engineering and
operational decisions by managing whole-system trade-offs and future risk. The framework
integrates mechanical validation, service-life-normalised LCSA results, circularity metrics, and
material flow modelling through a consequences analysis lens. Results indicate that a V50:R50
(vVPLA:PC-PLA) blend achieves balanced performance, delivering a 57% reduction in global warming
potential while maintaining functional durability. However, these benefits are governance-
contingent; managing an 11.7% increase in service-life-normalised costs requires senior-level
oversight, formalised material traceability, and structured workforce training. Waste diversion
analysis further demonstrates that scalability is constrained primarily by upstream collection and
sorting efficiency rather than fabrication performance. The study concludes with a strategic roadmap
advocating regional recycling hubs, certified micro-credentials, and adoption of decision-relevant
governance metrics aligned with ASRS S1 and S2 disclosure standards. The proposed framework
offers a transferable approach for translating engineering-level sustainability evidence into credible
governance insights, strengthening accountability and supporting Australia’s transition toward
resilient, circular manufacturing.

Keywords: additive manufacturing; fused filament fabrication; recycled PLA (rPLA); circular
manufacturing; ESG; Governance; LCA; Life cycle sustainability assessment (LCSA)

1. Introduction

Manufacturing has long underpinned global economic development by driving technological
innovation, creating employment opportunities, and fostering social advancement. It transforms
material resources into the infrastructure and products that sustain modern life and contributes
significantly to economic output [1]. However, this economic contribution has been accompanied by
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substantial environmental and resource burdens. In 2022, manufacturing accounted for
approximately 16.8% of global gross domestic product (GDP), while the broader industrial sector
consumed nearly 37% of global energy [2]. The persistence of linear “take-make-dispose” production
models has intensified resource depletion, waste generation, and climate pressures, rendering
conventional manufacturing increasingly incompatible with planetary boundaries [3]. As a result,
global manufacturing is transitioning toward cleaner, circular, and socially responsible systems that
integrate economic performance with environmental integrity and social well-being [4-6].

Sustainable manufacturing aims to decouple industrial growth from environmental degradation
by maximising resource efficiency, minimising waste, and embedding life cycle thinking across
production systems [7,8]. Circular manufacturing strengthens this approach by closing material and
energy loops through reuse, remanufacturing, and recycling, directly supporting SDGs 9 and 12
[9,10]. Consequently, manufacturing performance is now assessed not only by productivity and cost,
but also by environmental, social, and governance (ESG) outcomes, including decarbonisation
potential, material stewardship, workforce well-being, and responsible sourcing [11,12].

Australia’s manufacturing trajectory highlights both the urgency and opportunity for a
transition toward advanced, sustainable manufacturing systems. From contributing nearly 30% of
GDP in the 1960s, the sector now accounts for approximately 6%, reflecting decades of offshoring,
rising labour and energy costs, limited automation uptake, and policy prioritisation of raw material
exports over domestic value addition [13,14]. These conditions position ESG performance as an
operational imperative rather than a purely normative objective, as reducing material risk, energy
exposure, and quality failures enhances resilience and long-term competitiveness [15,16].

This level of sustainability accountability will increasingly become de rigour as the world
considers higher standards of carbon accounting and environmental impact reporting via
mechanisms like the EU’s Carbon Border Adjustment mechanism (CBAM) [17], the Agreement on
Climate Change, Trade and Sustainability [18] and the Kunming-Montreal Global Biodiversity
Framework (GBF) [19]. In addition, new international standards of governance and governance
reporting are also being developed, including the International Sustainability Standards Boards
(ISSB) development of the ESG Governance Convergence standards [20] and the Global Framework
on Chemicals Management [21].

Historically, governance, sustainability reporting, traceability, and compliance mechanisms
have been relatively weak across many jurisdictions. However, the increasing integration of artificial
intelligence and blockchain technologies is expected to strengthen national governance architectures
by enhancing transparency, accountability, and legal-institutional reporting obligations [22-24]. In
parallel, growing pressures surrounding global carbon management, coupled with significant
disparities in national accounting standards and net-zero commitments, indicate a likely shift toward
more structured and harmonised global governance systems. Manufacturing industries, particularly
those involved in plastics production, must therefore recognise regulatory convergence and carbon
accountability as emerging production risks [25,26].

Within this evolving governance landscape, additive manufacturing (AM), commonly referred
to as three-dimensional printing, represents a strategic pathway toward lower-carbon and more
circular production systems [27,28]. By enabling localised, on-demand manufacturing, AM can
reduce transport-related emissions, decrease reliance on carbon-intensive imports, and mitigate
supply-chain vulnerabilities associated with traditional manufacturing [28-30]. Its digital flexibility
supports distributed production closer to the point of use, shortening lead times and enhancing
system resilience [31]. For small and medium-sized enterprises, AM may lower capital intensity
barriers and democratise access to advanced production capabilities [32].

From an environmental and social standpoint, AM aligns with national decarbonisation and
circular-economy objectives. Material efficiency improvements of up to 90% and energy reductions
of approximately 25% relative to selected TM processes have been reported, though such benefits are
highly context-dependent [33]. In addition to resource efficiency, AM enables decentralised and
localised production models that enhance regional resilience, reduce supply chain dependency, and
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foster skilled employment in digital fabrication and repair-oriented ecosystems [34,35]. By
supporting on-demand production and shorter supply chains, AM also expands opportunities for
SMEs and regional manufacturing hubs within circular value systems [36-38].

These benefits, however, are conditional rather than inherent. Their realisation depends on
effective workforce training, strong occupational health and safety standards, and responsible
governance across recycling and feedstock supply chains. In the Australian context, the Future Made
in Australia Act (2024) and the National Reconstruction Fund underscore the strategic priority placed
on advanced manufacturing, sovereign capability, and circular economy innovation [39,40]. Realising
these policy ambitions of reduced carbon and more circular production requires embedding life cycle
and circular-economy principles directly into production systems, particularly through informed
material selection.

Material choice is therefore a critical determinant of sustainability performance in fused filament
fabrication (FFF), one of the most widely adopted AM technologies. Recycled and bio-based polymers
provide a practical pathway to CM by reducing reliance on virgin feedstocks and strengthening
domestic recycling capacity [41]. Among these, polylactic acid (PLA) is prominent due to its
renewable origin and suitability for FFF [27]. However, the proliferation of PLA in packaging and
prototyping has generated substantial post-consumer waste. Recycling this waste into FFF feedstock
closes material loops but also introduces ESG-relevant governance risks, including contamination
control, traceability, process consistency, and mechanical reliability assurance [42].

Empirical studies, including the author’s prior work, demonstrate that recycled PLA (rPLA) can
achieve mechanical and tribological performance comparable to virgin PLA when processed under
optimised conditions [43-46]. Complementary life-cycle assessments indicate reductions in
greenhouse-gas emissions, production costs, and the creation of local employment through waste
valorisation [27]. While these findings confirm the triple-bottom-line potential of rPLA-based FFF,
their robustness depends on durability constraints, quality variability, and governance controls,
which are central to ESG performance.

Although life cycle sustainability assessment (LCSA) integrates environmental (ELCA),
economic (LCC), and social (SLCA) dimensions, its outputs are often framed as technical results
rather than operational decision-relevant governance insights. As AM increasingly intersects with
policy, investment, and industrial strategy, there is a growing need to translate LCSA evidence into
ESG-relevant indicators that reflect operational risks, capability requirements, and performance
trade-offs [47]. In this study, ESG is applied as a sustainability lens encompassing environmental
efficiency, social outcomes, and governance capabilities such as traceability, quality assurance, and
responsible material management. This perspective extends LCSA beyond product or process
assessment toward system-level and design-level decision making.

At the national level, Australia’s CM transition is increasingly framed through material
efficiency and recovery targets. The National Waste Policy Action Plan emphasises reducing material
footprint, increasing materials productivity, and achieving an 80% resource recovery rate by 2030
[48]. Within this context, rPLA-based FFF represents a materially relevant yet governance-sensitive
pathway, as its contribution depends not only on technical feasibility but also on system coordination,
durability assurance, and organisational control capability.

However, it is important to note that the term rPLA is used inconsistently in the literature. this
study demonstrates that LCSA evidence derived from PC-PLA-based FFF systems can be translated
into decision-relevant ESG information without relying on product declaration frameworks or
simplified circularity claims. Rather than treating LCSA as an endpoint, the analysis reinterprets
quantified environmental, economic, and social performance through an organisational
accountability lens, generating governance and risk signals that inform ESG performance
improvement and future risk management.

Therefore, this study demonstrates that LCSA evidence derived from PC-PLA-based FFF
systems can be translated into decision-relevant ESG information without relying on product
declaration frameworks or simplified circularity claims. Rather than treating LCSA as an endpoint,
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the analysis reinterprets quantified environmental, economic, and social performance through an
organisational accountability lens, generating governance and risk signals that inform ESG
performance improvement and future risk management.

Accordingly, this study addresses three research questions: (1) How can empirical LCSA
findings from PC-PLA-based FFF be translated into decision-relevant ESG signals that support the
interpretation of ESG implications? (2) What governance mechanisms are required to manage ESG-
relevant risks in circular FFF systems? (3) How can this integration support Australia’s transition
toward resilient and sustainable manufacturing?

To address these questions, the study develops an ESG-integrated framework for circular FFF,
grounded in empirical process optimisation, mechanical testing, and life-cycle evidence drawn from
six related publications covering material processing, functional performance, and sustainability
outcomes. The framework translates technical sustainability outcomes into actionable ESG indicators,
governance performance criteria, and circular economy benchmarks at the technology and process
levels, aligned with organisational reporting needs. The findings will provide a practical roadmap
for policymakers, sustainability professionals, and manufacturers seeking to operationalise ESG
principles within advanced manufacturing.

2. Governance for Sustainable Manufacturing in Australia

Traditional linear production systems are increasingly incompatible with resource constraints,
climate obligations, and material security concerns. Early sustainable manufacturing approaches
such as green manufacturing and cleaner production improved process efficiency but did not
fundamentally restructure linear value chains [49-51]. As a result, systemic transformation remains
necessary.

Circular manufacturing represents a structural evolution beyond these early initiatives. Rather
than optimising isolated processes, it embeds closed-loop material flows, life-cycle thinking, and
value-retention strategies including reuse, remanufacturing, and recycling. In doing so, it
reconceptualises value creation to integrate environmental and social performance alongside
economic outcomes [9,52]. This systemic orientation aligns with SDG 9 and SDG 12, emphasising
industrial resilience and responsible production [53]. In Australia, circular manufacturing has been
institutionalised through a six-element circular economy strategy aimed at strengthening sovereign
capability and resource recovery. The strategic pillars underpinning this transition are illustrated in
Figure 1, situating circular manufacturing within a national industrial resilience framework.
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Figure 1. The six elements of the Australian circular economy strategy for sovereign manufacturing and resource

recovery [54].

However, implementation occurs within a constrained industrial environment. Australia’s
manufacturing sector has experienced prolonged destabilisation due to energy price volatility,
international competition, and declining capital investment [13]. Industrial gas prices have increased
by approximately 50 percent since 2019, reducing firms’ capacity to invest in decarbonisation
technologies [55]. Concurrent labour and skills shortages have contributed to a productivity decline
of approximately 3.7 percent over the past decade [55,56]. The interaction between these structural
constraints and policy transition pathways is synthesised in Figure 2.

Within this constrained setting, advanced manufacturing technologies are positioned as enablers
of circular transition. National initiatives such as the National Reconstruction Fund prioritise capital
allocation toward strategic industrial sectors to accelerate decarbonisation and technological renewal
[57,58]. Additive manufacturing is central to this transition, with the Australian AM market projected
to reach AUD 3.85 billion by 2034 [59,60]. However, high capital costs, limited industry capability,
and workforce readiness gaps continue to constrain the full realisation of AM’s sustainability
potential. Simultaneously, evolving international ESG reporting requirements signal a shift in which
environmental, social, and governance considerations increasingly influence operational and
strategic decision making [48].
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Figure 2. Structural challenges affecting the Australian manufacturing sector and corresponding policy-led

transition pathways.

Rapid adoption of advanced technologies within capital-constrained systems can introduce
structural risks if implemented as isolated upgrades. Misalignment between technological capability
and system readiness may increase rigidity, skills dependency, and vendor lock-in without
improving resilience. These risks are amplified in Australia’s narrow-margin and energy-volatile
context, particularly if international ESG standards exceed current domestic maturity. Nevertheless,
AM demonstrates upcycling potential, including the conversion of post-consumer PLA cups into
functional 3D printed gears, reducing virgin material demand and addressing waste management
challenges[61].

Australia generates approximately 3.2 million tonnes of plastic waste annually, yet less than
14.1% is effectively recycled [62-64]. Although bioplastics such as PLA are often presented as
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sustainable alternatives, their benefits are undermined by inadequate labelling, limited sorting
infrastructure, and the absence of dedicated recycling systems. Consequently, most PLA products,
particularly packaging, are landfilled rather than recirculated within material loops [63].

FFF, the most widely adopted polymer-based AM technique, offers a viable pathway for
valorising PLA waste. Its digital flexibility, low entry cost, and compatibility with recycled feedstocks
support decentralised and on-demand manufacturing [65,66]. FFF can reduce material waste by up
to 90% and energy use by approximately 25% compared to subtractive processes [67]. While its
application in Australia has largely been limited to prototyping and education, its relevance for
circular production and supply chain resilience is increasingly recognised [60].

Integrating post-consumer PLA into FFF enables conversion of bioplastic waste into functional
components, reducing reliance on virgin polymers. Under controlled conditions, PC-PLA
demonstrates acceptable mechanical performance for non-critical applications [44,45,68]. Moreover,
localised filament production from source-separated PLA streams supports distributed CM models
within universities, SMEs, and regional hubs, contributing to employment creation, workforce
upskilling, and selected application-specific social benefits [69]. However, feedstock variability,
degradation during reprocessing, and lack of standardised quality protocols remain barriers to
industrial uptake [70]. Addressing these challenges is essential to transition PC-PLA-based FFF from
conceptual promise to scalable industrial practice.

LCSA integrates ELCA, LCC, and SLCA to evaluate environmental, economic, and social
impacts across product life cycles, making it suitable for assessing emerging circular manufacturing
pathways such as PC-PLA-based FFF. However, a persistent methodological limitation is the weak
alignment between LCSA outputs and ESG dimensions commonly used in organisational decision-
making [71,72].

LCSA provides detailed, process-level insights expressed in technical units such as kg CO»-eq,
MJ, USD, and social risk indicators, and is sensitive to methodological choices, including allocation,
normalisation, and weighting [73-75]. In contrast, ESG frameworks operate at the organisational
level, prioritising comparability, materiality, and decision relevance for investors and regulators [76—
78]. This divergence creates a translation gap whereby engineering-level sustainability improvements
are not readily interpretable in terms of ESG-related risk exposure or governance performance [79].

From a manufacturing perspective, ESG functions as an implications-oriented lens through
which engineering decisions shape environmental performance, social outcomes, and governance-
related risk exposure [80]. In circular FFF systems, governance considerations extend beyond
disclosure to include material traceability, process consistency, workforce competency, and quality
assurance. The conceptual nature of this methodological gap between LCSA outputs and
organisational ESG metrics is illustrated in Figure 3.
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Figure 3. Methodological gap between LCSA outputs and organisational ESG metrics.

The urgency of resolving this gap is intensified by Australia’s transition toward mandatory
sustainability disclosure, reflecting increasing alignment with international reporting frameworks
such as the ISSB, GRI, and TCFD [81,82]. The Australian Sustainability Reporting Standards, ASRS
S1 and S2, adapted from IFRS S1 and S2, require disclosure of governance arrangements, risk
management processes, and climate-related metrics, with implementation commencing in 2025
[81,83,84]. This regulatory convergence elevates sustainability performance from a voluntary
reporting exercise to a compliance obligation. For manufacturing organisations, sustainability risks
embedded within production systems now carry direct governance, financial, and strategic
implications.

However, existing ESG-oriented frameworks, including those developed under ISSB and GRI
architectures, were not designed to capture sustainability outcomes associated with emerging
technologies such as circular additive manufacturing or PC-PLA valorisation pathways [85]. For
manufacturing, these reporting requirements increase the visibility of sustainability-related risks
embedded within production systems, including material sourcing, feedstock quality control,
contamination management, workforce capability, and end-use reliability.

In this study, ESG is applied as an analytical lens to interpret how engineering decisions in
circular additive manufacturing shape environmental, social, and governance-related risk exposure.
While disclosure frameworks provide contextual relevance, the analytical emphasis remains on
governance mechanisms embedded within PC-PLA-based FFF systems. The absence of a
methodological bridge between LCSA outputs and ESG-oriented risk governance represents a critical
research gap. Addressing this gap underpins the analytical framework advanced in the present study
and supports the integration of engineering-level sustainability performance with organisational
decision-making in the Australian manufacturing context.

3. Methodology
3.1. Research Design and Methodological Logic
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This study adopts a framework-development and analytical methodology to examine how
empirically validated LCSA evidence from PC-PLA-based FFF can be reinterpreted through a
governance implications assessment lens. The objective is to determine how engineering-level
sustainability performance translates into decision-relevant risks, organisational accountability, and
future-oriented governance requirements.

The design addresses a methodological gap in which LCSA findings are typically presented as
descriptive outcomes but remain weakly connected to organisational decision-making and
governance practice. To ensure ESG implications are grounded in verified engineering behaviour and
system-level scalability, the research follows a four-stage analytical structure (Figure 4), each aligned
with a distinct decision-level question addressed in the Results section:

e Evidence consolidation, establishing a functionally valid and sustainability-balanced reference
system integrating mechanical performance, service life, and LCSA results.

e  ESG-oriented translation, reframing LCSA indicators as organisational risk and performance
signals.

e  Circularity characterisation, evaluating the depth and limits of material loop closure beyond
recycled-content claims.

e  Waste diversion potential, assessing whether process-level gains remain system-relevant under
real-world waste governance and infrastructure constraints.

This staged design ensures ESG implications are derived from experimentally validated
performance, quantitative sustainability evidence, and explicit system constraints rather than
isolated indicators.

STAGE II » STAGE III »
ESG Oriented Translation Circularity Metrics
. . MCI Cl .
. Mechanical Testing \/Materiality birol Energy é MFA Modelling
Loop Quality
ice Li e 4
-ﬁ Service Life N Controllability @ Tcapture, Tsort, Minternal

Beyond Recycled -

LCSA A A ; . . .

(ELCA, LCC, SLCA) \/Verifiabilily Content Claims ' Diversion Potential

4  / 4 §

Validated Reference . . . . Scale & Policy
System (V50:R50) - ESG Mapping - Quality of Circularity - Validation

Figure 4. Methodology for translating engineering-level sustainability into ESG insights.

3.2. STAGE I - Evidence Consolidation and Baseline Definition

Stage I establishes a functionally validated and sustainability-balanced reference system by
integrating mechanical performance, service life, and LCSA results. It ensures that ESG interpretation
is grounded in verified engineering performance and avoids non-functional material configurations.

3.2.1. System Definition and Boundary Conventions

The assessed system is circular FFF enabled by PC-PLA. The life-cycle stages considered include
post-consumer PLA waste collection and sorting, preprocessing and size reduction, filament
extrusion, FFF printing, and post-processing, as well as the use phase of the printed component. The
functional unit (FU) is defined as: One FFF-printed gear capable of transmitting mechanical power
over its experimentally measured service life under defined operating conditions.
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A fixed garbage-to-gear (g2g) system boundary is applied across all analyses to maintain

consistency. Within this fixed boundary, results are interpreted under two complementary scopes:

e Process scope, focusing on extrusion and FFF printing for operational benchmarking.

e Value-chain scope, incorporating upstream waste management and downstream end-of-life
assumptions to support circularity and ESG-relevant interpretation.

All calculations are performed using the same life-cycle inventory (LCI). LCI was developed in
SimaPro 9.6.0.1 using datasets primarily obtained from Ecoinvent 3.2 and AusLCI v2.44. Differences
between scopes arise solely at the level of interpretation, not from changes in system boundaries or
allocation rules.

3.2.2. Empirical and Life Cycle Evidence Inputs

The analytical framework builds on previously published and peer-reviewed experimental and
LCSA studies conducted by the authors, providing validated datasets on mechanical performance,
service life, environmental impacts, economic performance, and social indicators for virgin PLA,
recycled PLA, and their blends. For ESG translation, the V50:R50 blend is selected as the reference
system. This choice is methodologically deliberate. Prior findings show that V50:R50 provides the
most balanced compromise between:

e environmental improvement through virgin material substitution,
e  acceptable mechanical durability and service life, and
e  economic feasibility when normalised by functional performance.

Fully virgin (V100:R0) and fully recycled (V0:R100) configurations are retained for comparison
but are not used as governance baselines. Extreme compositions can distort ESG interpretation due
to non-representative durability or cost behaviour. Anchoring the analysis to V50:R50 ensures that
ESG implications reflect deployable and transitional manufacturing configurations rather than
idealised or technically marginal cases.

3.2.3. Life Cycle Sustainability Assessment Structure

LCSA is employed to integrate environmental, economic, and social dimensions using a
harmonised functional unit and a consistent system boundary. In this study, LCSA functions as a
quantitative evidence base for subsequent ESG-oriented interpretation, rather than as an endpoint
assessment.

A total of 16 key performance indicators (KPIs) were identified through expert consultation to
capture decision-relevant sustainability attributes of circular FFF systems (Table A1). These include
10 environmental indicators, 3 economic indicators based on service-life-normalised life cycle costing,
and 3 social indicators addressing employment, training intensity, and quality-of-life conditions
associated with decentralised recycling and manufacturing.

For governance interpretation, KPIs are structured hierarchically and aggregated into headline
performance indicators. Weighting is derived from expert judgement using a Likert-scale approach.
Performance is assessed using a gap-to-threshold framework, enabling the identification of residual
risks, trade-offs, and improvement priorities rather than masking weaknesses through aggregated
scores.

3.3. STAGE II — Governance Implications Assessment of LCSA Evidence

Stage II reinterprets consolidated LCSA outputs as organisational risk, performance, and
governance signals. This stage addresses the methodological gap between process-level
sustainability metrics and ESG-relevant decision-making by applying materiality, controllability, and
verifiability criteria.

3.3.1. ESG Implications and Governance Controls Mapping of LCSA Outputs
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ESG implications are derived by interpreting LCSA indicators through an organisational
decision-making lens. This step does not generate ESG scores or claim compliance with disclosure
standards. Instead, it provides a structured governance analysis linking verified LCSA performance
to operational consequences and control requirements within manufacturing organisations.

Here, ESG implications are defined as decision-relevant consequences arising from adopting PC
PLA feedstock in FFF systems, evidenced through changes in environmental performance, social
conditions, and governance control needs. The focus remains on material, controllable, and verifiable
outcomes directly attributable to PC PLA use, rather than a general assessment of corporate ESG
performance.

e Environmental indicators are interpreted as efficiency and transition-risk signals, including
avoided emissions, reduced energy dependency, and lower reliance on virgin materials.

e  Social indicators are interpreted in terms of employment intensity, workforce skill requirements,
and workplace risk exposure in decentralised production systems.

e  Economic indicators are framed as cost-stability and durability-related risk signals rather than
cost-minimisation metrics.

e  Governance implications are identified by linking performance gaps to required organisational
controls, including traceability systems, quality assurance procedures, training protocols, and
process consistency mechanisms.

To operationalise this interpretation, LCSA indicators are mapped to ESG-relevant decision
domains, decision implications, and primary governance controls (Table 1). The ESG pillars serve
only as an organising structure for decision relevance, ensuring each indicator is explicitly tied to a
controllable organisational lever and an auditable evidence base.

Table 1. Mapping of LCSA evidence to ESG decision pillars and relevance.

Measurement ESG- . De.cisi(.)n Primary

LCSA unit . relevant implications governance
.1 . ESG pillar .. for control or
indicator (functional decision . N

. . . manufacturing organisational
unit basis) domain
governance lever

Global kg COy-eq per Environmenta Performance Supports Energy
Warming functional 1 (E) metrics and  assessment of metering,
Potential unit transition decarbonisatio emissions

(GWP) risk n performance accounting,

and alignment  and material
with emissions-  substitution
reduction approval
objectives. rules.
Cumulative M]J per Environmenta Strategic Informs energy Energy

Energy functional 1 (E) energy efficiency procurement
Demand unit managemen  performance strategy and

(CED) t and machine

operational utilisation

exposure to scheduling

energy price controls.
volatility.

Abiotic kg Sb-eq per  Environmenta  Supply risk Indicates Recycled-
Resource functional 1 (E) and material dependency on content
Depletion unit dependency virgin material  specifications

(ARD) inputs and and supplier

exposure to qualification
upstream risk screening.
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supply
disruption.
Life Cycle AUD per Economic (E)  Investment Evaluates Capital
Costing functional and and cost economic approval
(LCC) unit or per Governance stability feasibility and  thresholds and
service hour (G) durability- total-cost-of-
related cost ownership
stability under  decision rules.
operational
conditions.
Local Jobs per tonne Social (S) Workforce Captures Workforce
employmen processed; capability employment training,
tand training hours and social intensity and micro-
training value skill formation credentials,
requirements and health
in and safety
decentralised protocols.
manufacturing.

Material Dimensionles  Environmenta Resource Substantiates =~ Material flow
Circularity s index 1 (E) and efficiency circularity documentatio
Indicator Governance and performance n and waste
(MCI) and (G) transparenc and enables tracking mass-

Circularity y consistent balance
Index (CI) internal verification.
benchmarking.

3.4. STAGE III — Circularity Characterisation Beyond Recycled Content

Stage Il evaluates the quality and limits of circular performance by supplementing LCSA results

with material circularity metrics. This stage is necessary to distinguish between recycled-content

claims and actual material loop closure and energy-quality performance.

3.4.1. Integration of Circularity Metrics

To complement LCSA and support transparent resource-efficiency interpretation, two

circularity metrics are incorporated: the MCI and the CI. These metrics address a recognised

limitation of sustainability assessments in which recycled content alone is often used as a proxy for

circularity, without explicitly accounting for material losses, recovery efficiency, product utility, or

the energy implications of secondary material production [86,87].

1. The MCI follows the methodology of the Ellen MacArthur Foundation [88] and quantifies
material loop closure by integrating virgin and recycled inputs, unrecoverable waste across
production and end of life stages, and lifetime normalisation. It is expressed as:

MCI = 1 — LFI - F(x) (i)

where LFI is the Linear Flow Index derived from virgin input and unrecoverable waste, and F(x) is a

utility adjustment factor reflecting product lifetime and functional use relative to industry averages.

The MCI ranges from 0 (fully linear) to 1 (fully circular), enabling standardised comparisons across

product configurations.

2. The Circularity Index (CI) extends material-based circularity assessment by incorporating the
relative energy benefit of secondary material production compared with primary production.
This energy-adjusted perspective captures an important sustainability dimension not addressed
by mass-based indicators alone [87,89]. The Cl is calculated as:
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Cl=axp (i)

where a represents the fraction of recovered material and [ represents the relative energy benefit
of secondary production. The CI ranges from 0 for a fully linear system to 1 for a fully circular system
characterised by complete material recovery and maximum energy advantage.

In this study, these circularity metrics function as interpretive support tools rather than ESG
indicators. They contextualise environmental and governance interpretation by distinguishing
between partial, transitional, and near closed loop manufacturing configurations. Full parameter
definitions, assumptions, and step by step calculations are provided in the Appendix to ensure
transparency and reproducibility without overburdening the main text.

3.5. STAGE IV — Waste Diversion Potential

Stage IV tests whether process-level sustainability improvements remain system-relevant at
scale when constrained by real-world waste governance, collection, and sorting infrastructure. This
stage prevents over-claiming circularity potential and establishes realistic boundaries for ESG and
policy interpretation.

3.5.1. Material Flow Modelling of PLA Waste Diversion

A material flow analysis model is developed to estimate the upper bound diversion potential of
post consumer PLA waste into recycled PLA based FFF. ESG relevance requires not only technical
feasibility but also measurable system level impact under infrastructure constraints. The MFA
therefore functions as a validation step to avoid overstating circularity outcomes.

The model follows a mass balance recovery framework in which diverted material is calculated
as a fraction of total PLA waste generation. Diversion is constrained by sequential recovery
efficiencies across collection, sorting, reprocessing, filament extrusion, and FFF printing. Diversion is
defined as [90]:

M
Diversion% = —EFETPLA 100 (iii)

PLA,waste
Where Mp;4qgsee i the annual global PLA waste generation (tonnes/year) and Mppp p4 is the
annual mass of PC-PLA that can be processed into filament and consumed in FFF printing
(tonnes/year).
Estimation of Annual PLA Waste Generation: Annual PLA waste generation is estimated using
a production-to-waste conversion approach, consistent with global plastics flow modelling [91].

MPLA,waste = MPLA,market X Qpack X (Z)waste (iV)

where Mp; 4 marker 1 global PLA production or market volume, @,4¢ is the share of PLA used
in short-lived applications (proxy: packaging and disposables), and 0,45 is the fraction reaching
end-of-life within the year. The use of packaging as a proxy for short-lived PLA applications is
justified by market data indicating that packaging is the dominant bioplastics application segment,
with typical service lives of less than one year [92].

Modelling PC-PLA Feedstock Availability: The recoverable mass of PC-PLA available for FFF
is constrained by stage-specific yield efficiencies, expressed as a chained recovery formulation

MFFF,rPLA = MPLA,waste X ncapture X Nsort X nreprocess X nfilament X 77prim: (V)

where N¢apeure is the fraction of PLA waste collected; 1, is the fraction correctly separated as
PLA; Nyeprocess is the fraction retained after washing, shredding, and melt filtration; ngjgmene is the
extrusion yield into printable filament; and np,s, is the fraction successfully converted into printed
products (accounting for failures and support waste). This chained yield formulation follows
established MFA practice, representing total recovery as the product of sequential process
efficiencies. Explicit parameterisation of collection, sorting, and processing yields enables
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identification of dominant leverage points governing system scalability. It differentiates technological
constraints from governance controlled limitations, directly informing organisational strategy and
policy intervention.

3.6. Methodological Contribution

Together, these methodological components establish a replicable and auditable pathway for
translating engineering-level sustainability evidence into ESG-relevant insights. By aligning
experimental validation, life cycle assessment, circularity metrics, and waste diversion potential
within a fixed boundary, the framework ensures that ESG implications are earned through evidence,
bounded by real constraints, and directly aligned with manufacturing decision contexts.

4. Results
4.1. Stage I — Evidence Consolidation and Baseline Performance Definition

This stage consolidates experimentally validated evidence of engineering performance and life
cycle sustainability to establish a consistent empirical baseline for subsequent ESG translation.
Mechanical performance, service life, and LCSA results are evaluated within g2¢ system boundary
to ensure boundary-consistent interpretation and governance relevance.

4.1.1. Consolidation of Engineering and Life Cycle Evidence

The mixed-methods framework integrates process-level operational engineering data with full
life cycle sustainability assessment results to define a validated baseline for circular FFF. Unlike
proxy-based sustainability studies, the consolidated dataset spans mechanical durability, measured
service life, and environmental, economic, and social impacts. This integration enables ESG
translation grounded in experimentally observed manufacturing behaviour.

Mechanical testing and service-life measurements confirm the V50:R50 configuration as a
technically viable and sustainability-balanced reference system. The blend achieved a tensile strength
of approximately 52.8 MPa and a measured service life of 62 hours under controlled back-to-back
gear testing at 1000 rpm and 1.5 Nm. These results demonstrate functional adequacy for power
transmission applications. The selection of V50:R50 reflects balanced durability, environmental
improvement, and economic feasibility rather than maximising recycled content alone. This balance
provides a realistic basis for linking life cycle impacts and costs to an experimentally validated use
phase, avoiding reliance on idealised material configurations.

An expert-validated KPI set comprising 16 indicators ensures that ESG-relevant outputs remain
directly traceable to empirical LCSA results. Accordingly, the proposed framework operates as an
evidence-anchored extension of LCSA rather than a parallel normative assessment layer.

4.1.2. System Boundary Structuring and Scope-Dependent Results

The system boundary follows a g2g life cycle, encompassing post-consumer PLA collection and
preprocessing, filament extrusion, FFF fabrication, the use phase, and end-of-life assumptions. This
boundary remains constant across all analyses to ensure that sustainability outcomes arise from
material composition and service-life performance rather than boundary variation.

Within this fixed boundary, results are interpreted through two complementary views to
support ESG translation without boundary mixing. The core performance view emphasises
manufacturing and use-phase efficiency to inform engineering and operational decision-making. The
extended circularity view interprets the same inventory to capture waste diversion, resource
substitution, social value creation, and governance-related risk exposure.

Importantly, environmental and economic calculations remain unchanged across both views;
only their interpretive emphasis differs. This structure enables transparent translation of LCSA
evidence into ESG-relevant insights while preserving methodological consistency. The resulting
interpretive views are summarised in Table 2.
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Table 2. Interpretive scopes applied within the g2g system boundary and resulting sustainability insights.

Aspect (within g2g) Core Performance Interpretive  Extended Circularity Interpretive

View (g2g system) View (g2g system)
System boundary Garbage-to-gear Garbage-to-gear
Life cycle stages Waste plje}).rocessing, extrusion, Waste‘ pljeprocessing, extrusion,
. FFF printing, use phase, and FFF printing, use phase, and end-
included . . . .
end-of-life assumptions of-life assumptions
Analytical emphasis Manufacturing and use efficiency Circularity and value-chain effects
Environmental Highlights manufacturing arlld Highl‘igh’fs virgin material
. . use-phase energy and material substitution and resource
interpretation - .
efficiency retention
Equi t, , use-ph S LCCint ted with
Economic interpretation quipment, energy, use-phase ame LCC interpreted wi
costs circular value

Explicit visibility of local

Limited visibility of upstream employment and skill

Social interpretation o
and reverse logistics impacts

development
. . Explicit through diversion,
Circularity - . . .
. ) Implicit through recycled input recovery, and circularity
interpretation .3
indicators
Operational E-pillar and cost Integrated environmental, social,
ESG relevance P P 8 .
metrics and governance signals

Note: Both views derive from the same functional unit and inventory; differences arise from interpretive

framing rather than boundary modification.

4.1.3. Environmental Impact Results

Environmental performance was evaluated using a comprehensive ELCA within the g2g system
boundary (Islam et al., 2025). The assessment covered ten midpoint impact categories, with particular
emphasis on global warming potential (GWP), cumulative energy demand (CED), and abiotic
resource depletion (ARD), as these indicators received the highest expert-assigned weights in the
LCSA framework (Islam et al., 2025). The life cycle inventory was developed in SimaPro 9.6.0.1 using
Ecoinvent 3.2 and AusLCI v2.44 databases.

Across all material configurations, increasing PC-PLA content resulted in a consistent and
monotonic reduction in environmental burdens across nearly all midpoint categories (Figure 5).
Compared with virgin PLA (V100:R0), the V50:R50 blend reduced GWP from 67 to 22 kg CO,-eq.,
representing approximately a 57% reduction. Over the same transition, CED decreased from 39 to
19.6 MJ (approximately 40%), while ARD declined by more than 95%.

Terrestrial acidification decreased from 0.0211 to 0.00258 kg SO»-eq., and eutrophication
potential declined substantially. Water use and land use also showed marked reductions relative to
virgin PLA. These improvements are primarily attributable to avoided virgin PLA production and
reduced upstream fossil resource extraction, while FFF electricity consumption remained broadly
similar across blends [93,94].

Fully recycled PLA (V0:R100) achieved the lowest absolute environmental impacts across most
categories, with GWP reduced to 1.12 kg CO,-eq. and CED to 12.8 MJ]. However, freshwater
ecotoxicity and human toxicity showed comparatively smaller variations across blends, indicating
that toxicity-related impacts are less sensitive to recycled content than climate- and resource-related
indicators [95].

When impacts were normalised to equivalent functional performance, the environmental
advantage of VO:R100 was moderated by its shorter service life, which increases replacement
frequency over a given operating period. In contrast, the V50:R50 blend maintained substantially
longer durability while achieving significant reductions across key environmental indicators.
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Overall, these results confirm that material substitution is the dominant environmental leverage
point in FFF-based gear production, while service life plays a critical moderating role in determining
net environmental performance. Partial substitution of virgin PLA with post-consumer recycled PLA,
therefore, enables substantial environmental improvement without incurring the durability penalties
observed in PC-PLA-rich systems.

I vo:R100 [ VV50:R50 [[] V100:RO

93%

Fine particulate matter formation

Human toxicity 39%

Land use 9% 7%

Water use 73% 14% 13%

Abiotic resource depletion

Cumulative energy demand 52%

Freshwater ecotoxicity 42%

Environmetal Impact

Eutrophication 82%

Terrestrial acidification 82%

Global warming potential 69%

LETE P P P e e B L e B B RS R R WO E B ) 1
0% 20% 40% 60% 80% 100%
Emission Percentage

Figure 5. Environmental impact assessment results of FFF-printed PLA gears.

4.1.4 Economic Performance Results

Economic performance was evaluated using a detailed LCC framework aligned with the ELCA
system boundary and functional unit. The analysis incorporated production costs, operational costs
over the measured service life, and supplementary economic indicators, including net benefit (NB)
and carbon tax saving (CTS).

At the production stage, increasing recycled content resulted in a clear reduction in material
costs. Material expenditure decreased from AUD 0.48 per gear for V100:R0 to AUD 0.24 for V50:R50,
and further to zero for V0:R100. Electricity and labour costs increased modestly with higher recycled
content, reflecting additional preprocessing and extrusion variability associated with PC-PLA-rich
blends [96].

When expressed as the annuitised unit price of gear (PG), differences between material systems
were comparatively small (Figure 6). Relative to AUD 7.95 for V100:R0, the V50:R50 blend showed a
marginal reduction, while V0:R100 achieved a 17.7% reduction. These results indicate that recycled
and blended systems do not incur a production-stage price penalty and may, in fact, offer modest
cost advantages at the point of manufacture [27,97].

In contrast, service-life-normalised LCC showed substantially greater variation. Virgin PLA
gears achieved the lowest LCC at AUD 314.54 per gear, reflecting superior durability and low
replacement frequency. Relative to this baseline, the V50:R50 blend exhibited an 11.7% increase,
attributable to moderately reduced service life. Fully recycled PLA gears exhibited a 269.6% increase
in LCC, driven by significantly reduced durability and frequent replacement requirements.
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Net benefit analysis reinforced this pattern. Although the V0:R100 system achieved the largest
reductions in material and energy costs at the production stage, these savings were outweighed by
frequent replacement requirements at the functional level. In contrast, the V50:R50 blend achieved a
more favourable balance between reduced material expenditure and acceptable operational
durability. Carbon tax saving results further highlighted potential economic advantages of recycled
and blended systems under carbon pricing scenarios.
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Figure 6. (a) Annuitized production price (PG), (b) service-life-based LCC of FFF-printed PLA gears and (c)
Operational cost of manufacturing gears.

4.1.5. Social Impact Results

Social performance was assessed using a SLCA framework following UNEP/SETAC guidelines
and the indicator set defined through expert consultation. Three social indicators were evaluated:
local employment, quality of life, and workplace training and skill development.

Relative to vPLA-based production, systems incorporating PC-PLA demonstrated improved
social performance. The V50:R50 configuration showed higher local employment potential due to the
additional labour required for waste collection, sorting, shredding, extrusion, and quality assurance
activities. These processes are more labour-intensive than virgin polymer supply chains, which are
typically centralised and capital-intensive [38,98].
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Quality-of-life scores reflected moderate to positive working conditions across all
configurations, with slightly higher scores observed for blended systems. This trend is attributed to
increased technical engagement, skill utilisation, and task diversity associated with decentralised
recycling and FFF-based production. However, the results also indicate that quality-of-life outcomes
remain highly dependent on organisational practices, including workplace safety measures,
ventilation, and job structure, rather than material choice alone [38,99].

Although recycled and blended systems demonstrated higher employment potential and
training intensity, social benefits were not automatic. Quality-of-life and skill development outcomes
remained strongly dependent on governance practices, workplace safety, and organisational
implementation [100]. These results indicate that PC-PLA integration creates social value potential,
but realising this potential requires deliberate governance and workforce management.

4.2. Stage 1l — ESG-Oriented Translation and Governance Implications

This stage interprets consolidated life cycle sustainability evidence as governance-relevant
decision signals rather than as descriptive sustainability outcomes. Using the gap-to-threshold
framework, the analysis identifies environmental, economic, and social risk hotspots and links them
explicitly to organisational control requirements and future-oriented governance pressures. Stage II
demonstrates how experimentally validated performance evidence can inform governance readiness,
risk anticipation, and decision accountability in manufacturing systems facing escalating climate,
regulatory, and resource constraints, thereby enabling anticipatory governance responses to
sustainability pressures that are not yet fully formalised into regulatory or reporting requirements.

4.2.1. KPI Gap Outcomes Informing Governance Readiness

The application of the KPI gap-to-threshold framework produced differentiated and
quantitatively interpretable sustainability outcomes across environmental, economic, and social
dimensions. These outcomes are grounded in previously published LCSA results and are
reformulated here to support governance-oriented prioritisation and forward-looking sustainability
risk interpretation within the fixed garbage-to-gear system boundary.

Although multiple PC-PLA-vPLA blends were assessed in the underlying LCSA, the V50:R50
configuration is adopted as the governance reference system. Comparative results indicate that this
blend achieved the lowest overall sustainability gap by balancing environmental improvement,
economic feasibility, and mechanically validated durability. Virgin-dominant blends showed weaker
circularity and greater material dependency, whereas PC-PLA-rich systems achieved stronger
environmental gains but at the expense of service life and cost stability. V50:R50 therefore provides
a technically robust and decision-relevant baseline for governance capability and risk exposure
analysis.

o  Environmental Resilience (E/G): The V50:R50 system exhibited the smallest aggregated
environmental gap (-0.44), indicating near-threshold performance across key indicators
including global warming potential, cumulative energy demand, and abiotic resource depletion.
Partial substitution of vPLA with post-consumer PC-PLA delivered substantial environmental
gains under a service-life-based functional unit, with material substitution representing the
dominant leverage point. From a governance perspective, this near-threshold position signals
early alignment with climate accountability pressures, including upstream Scope 3 emissions
management, embodied carbon disclosure expectations, and potential carbon border adjustment
mechanisms [101,102]. Demonstrable reductions in upstream material emissions therefore
function as a governance-enabling capability aligned with broader risk domains such as natural
capital preservation and critical resource security [103].

° Economic and Operational Risk (Ec/G): The V50:R50 configuration exhibited a residual
economic gap of —1.73, lower than the virgin baseline (-2.23) and markedly smaller than PC-
PLA-rich systems (V25:R75: -3.01; V0:R100: -2.72). Reduced material costs partially offset
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preprocessing requirements, filament variability, and moderate durability penalties, although
durability remains the primary contributor to the residual gap. From a governance standpoint,
this gap reflects constraints in process standardisation, quality control, and durability assurance
that affect scalability and repeatability [104]. Broader recycling assessments show that lower-
quality recycled feedstock often requires additional sorting and quality assurance, increasing
operational expenditure relative to virgin feedstock [105]. These findings identify management
priorities required to stabilise recycled-feedstock advantages rather than economic infeasibility.

e Social Licence and Accountability (S/G): The social dimension for V50:R50 exhibited an
intermediate aggregated gap (—1.88), lower than both the virgin baseline (-2.64) and PC-PLA-
rich configurations. SLCA results indicate that partial incorporation of PC-PLA supports local
employment and decentralised recycling activities [106]. However, the persistence of a residual
gap indicates that these benefits are not yet institutionalised. Governance limitations relate to
formal training systems, occupational health and safety structures, and workforce
standardisation [107,108]. Without codified procedures and auditable labour practices,
employment intensity does not automatically translate into durable social value [109]. The
observed gap therefore highlights organisational control measures required to ensure that
socially positive circular manufacturing outcomes are repeatable and accountable.

e  Synthesis of Governance Benefits: Aggregated across all dimensions, the V50:R50 configuration
achieved the lowest overall sustainability gap (-1.35), outperforming both virgin-only and fully
recycled systems. The results indicate a typical progression in circular FFF: environmental gains
emerge through material substitution, economic stability strengthens with improved durability
and preprocessing control, and social outcomes remain contingent on governance structures.
Adoption of V50:R50 therefore provides balanced sustainability performance while
strengthening organisational capability to manage emerging sustainability risk domains,
including circularity performance expectations, resource dependency exposure, Scope 3
emissions accountability, and resilience-oriented governance indicators, prior to formalisation
through regulation or mandatory disclosure requirements.

4.2.3. ESG-Oriented Interpretation of LCSA Results

This section reports the results obtained from applying the integrated LCSA-to-ESG interpretive
framework to circular FFF using recycled PLA. The results demonstrate how quantitative LCSA
evidence is translated into governance-relevant decision signals across environmental and social
domains, how governance-related risk exposure and organisational control requirements are
identified through the interpretation of performance gaps, and how the strategic scale and system
relevance of the circular FFF pathway are examined through waste diversion potential.

1. Environmental (E) and Resource Efficiency Measurements

Application of the interpretive framework to the LCSA evidence confirms that partial
substitution of vPLA with post-consumer PC-PLA yields substantial and quantifiable environmental
benefits that are relevant for governance decision-making across environmental domains, rather than
constituting disclosure or reporting outputs. For the V50:R50 blend, environmental improvements
are primarily driven by the avoided production of primary polymer rather than changes in FFF
electricity demand, reinforcing material substitution as the dominant environmental leverage point.

The LCSA quantified the Global Warming Potential (GWP) of vPLA (V100:R0) at 62.80 kg CO»-
eq per kg of material, while the V50:R50 blend exhibited a reduced GWP of 15.60 kg CO»-eq per kg.
This difference is expressed as a specific avoided-emissions metric on a per-unit basis:

EGhe,avoidzea = GWPy100:r0 — GW Pyso.r50

Enc avoidgea = 39.8 — 19.2 = 20.6 kg C0O2eq./kg

Governance Signal: This calculated value represents the greenhouse gas emissions avoided per
kilogram of product resulting from the adoption of recycled feedstock, reflecting reduced upstream
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emissions associated with primary polymer production. As a governance-relevant climate risk signal,

it supports organisational decision-making related to decarbonisation strategies and transition risk

exposure by quantifying the mitigation contribution of recycled feedstock substitution, without
implying formal emissions reporting.

In parallel, reductions in cumulative energy demand and abiotic resource depletion for the
V50:R50 system indicate lower dependency on fossil energy inputs and virgin material extraction,
strengthening the evidence base for procurement-led resource risk management and material
security considerations.

2. Economic and Social Risk Quantification
The application of the gap-to-threshold logic to economic and social indicators reveals distinct

performance asymmetries that are critical for interpreting governance-relevant risk exposure. Rather

than indicating system failure, these residual gaps identify structural vulnerabilities that must be
managed through organisational controls and operational decision-making.

e  Economic Risk: Life Cycle Cost and Preprocessing Consequences: The life-cycle costing results
show that preprocessing post-consumer PLA results in higher operational costs than virgin PLA,
primarily due to labour-intensive sorting and handling. The normalised economic gap score for
the V50:R50 system (-1.73) reflects this cost structure.

Governance Signal: When interpreted as an ESG-relevant governance signal, this result
functions as a risk indicator rather than a performance score. Specifically, it indexes exposure to
labour-intensive preprocessing risk, indicating vulnerability to wage inflation, workforce availability
constraints, and operational variability. This finding, therefore, justifies governance responses
focused on automation, process stabilisation, and capital investment, rather than reversal of recycled
material adoption.

e  Social Risk: Employment Creation and Training Trade-off: The social life cycle assessment
indicates that integrating PC-PLA into FFF systems can generate positive local employment
outcomes through decentralised waste collection, manual sorting, shredding, extrusion
supervision, and quality control activities. These processes are inherently more labour-intensive
than conventional virgin polymer supply chains, which are typically centralised and capital-
intensive [110].

Labour intensity was estimated using a transparent, activity-based approach. In the absence of
primary labour inventory data reporting labour-hours per unit mass for decentralised recycling
systems, a conservative, scenario-based assumption was applied to estimate labour intensity
associated with circular FFF operations, consistent with SLCA guidelines [111]. Based on an activity-
based representation of small-scale mechanical recycling workflows, processing 0.1 tonnes of post-
consumer PLA was assumed to require 0.25 job-months of local labour, corresponding to
approximately 40 labour-hours distributed across collection, manual sorting, extrusion supervision,
and quality control activities. Normalising labour input by material throughput yields a local
employment intensity of:

0.25 job — months
0.1 tonnes

Local employment intensity = = 2.5 jobs — months per tonne

This value represents labour intensity rather than permanent job creation and is intended to
illustrate the social engagement potential of decentralised CM rather than predict employment
outcomes at scale.

The resulting employment intensity confirms that PC-PLA-based FFF can generate local
employment opportunities through material recovery and processing activities. However, the
V50:R50 blend simultaneously exhibited a lower score for workplace training and formal skill
development, indicating a governance-relevant social risk rather than uniformly positive social
performance.

Governance Signal: From an ESG perspective, this trade-off is critical. Elevated labour intensity
without structured training, certification, and safety frameworks risks undermining long-term
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workforce wellbeing and ethical labour conditions. Accordingly, social value creation in circular FFF
is shown to be governance-contingent, requiring auditable training targets, formalised workforce
development programmes, and occupational safety controls to ensure that employment benefits are
sustainable and responsibly managed.

4.2.3. Governance Risk Signals in LCSA-Derived ESG Performance

An ESG-oriented interpretation of the LCSA results indicates that governance serves as a
mediating factor between quantified sustainability performance and its relevance for ESG decision-
making in circular FFF systems. While environmental indicators for the V50:R50 configuration
demonstrate strong, verifiable performance, the extent to which these outcomes translate into
decision-relevant ESG information depends on the presence of organisational controls, accountability
mechanisms, and verification practices.

From an environmental perspective, the availability of life-cycle-based metrics, such as avoided
greenhouse gas emissions, enables internal monitoring and comparative assessment. However, in the
absence of formally defined targets, escalation procedures, and independent verification, these
metrics remain descriptive rather than decision-enforceable [112]. Environmental performance is
therefore technically robust but governance-contingent in terms of its uptake, credibility,
enforceability, and disclosure [113].

Social outcomes exhibit stronger dependence on governance [114]. Although PC-PLA-based FFF
have the potential to generate local employment opportunities through decentralised waste collection
and preprocessing, persistent gaps in formal training and skill development indicate that social value
creation is not automatically realised. Without structured workforce development programmes,
safety protocols, and auditable labour practices, employment benefits remain inconsistent and
vulnerable to ethical and reputational risk [115].

Economic results further reinforce the governance dimension. Life cycle costing identifies
preprocessing intensity and reduced service life as dominant contributors to residual cost gaps [75].
These findings shift the locus of improvement from material selection to governance decisions related
to investment, automation, and process control, highlighting that economic viability in circular FFF
systems is governed by organisational capability rather than feedstock choice alone [47].

Governance Signal: Collectively, these findings confirm that ESG relevance in circular FFF
systems is not determined solely by sustainability performance, but by the extent to which
performance evidence is embedded within organisational decision-making structures. Governance,
therefore, functions as an enabling condition for credible, scalable, and verifiable ESG outcomes,
rather than as a standalone single performance metric.

4.3. STAGE III — Circularity Metrics Integrated with LCA

This stage reports supplementary circularity indicators that complement the life-cycle
assessment by quantifying material-flow circularity and energy-adjusted circular performance for the
V50:R50 reference system. Circularity metrics are evaluated within the same g2g system boundary
and are interpreted as diagnostic indicators rather than standalone sustainability claims.

4.3.1. Material Circularity Indicator (MCI) Results

The Material Circularity Indicator was applied to quantify material flow circularity for the
V50:R50 reference system within the garbage-to-gear framework, following the methodology of the
Ellen MacArthur Foundation (EMF, 2019). [88]The calculation incorporates recycled input,
production-stage losses, unrecoverable waste, and end-of-life recycling efficiency, ensuring
consistency with the life cycle inventory underpinning mechanical testing, LCC, and KPI gap
analysis. Full parameter definitions and calculation steps are summarised in Table A2.

The V50:R50 configuration is defined at the filament inlet as 50% virgin PLA pellets and 50%
shredded post-consumer PLA cups. For a functional output of 1,000 kg of printed gears, total material
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demand at the blend inlet was calculated as 1,074 kg, based on filament extrusion and FFF printing
yields of 0.98 and 0.95, respectively. These yield values reflect typical purge, start-up, support, and
failed-print losses in additive manufacturing.

End-of-life was modelled as landfill-dominant disposal, reflecting the absence of dedicated take-
back schemes for small polymer gears. A recycling collection rate of 0.15 was adopted based on
Australian plastics recovery statistics, while recycling process efficiency was assumed to be 0.833 to
represent realistic mechanical recycling yields, consistent with EMF guidance [88,116]. This produced
an effective end-of-life recycling efficiency of 0.125.

Under these assumptions, unrecovered end-of-life material (Wy) totalled 850.0 kg, while waste
generated during end-of-life recycling (Wc) and recycled feedstock production (Wf) amounted to 25.1
kg and 59.7 kg, respectively. Because the experimentally measured gear service life of 62 hours
matched the reference lifetime, the utility adjustment was neutral, F(x) = 0.9. Substitution into the
EMF Linear Flow Index yielded an valuw of 0.709 and a corresponding MCI value of 0.362.

This value indicates moderate material circularity, characteristic of a transitional configuration
in which upstream substitution of virgin material is constrained by limited end-of-life recovery. The
result aligns with prior studies showing that recycled input alone does not guarantee high circularity
without effective recovery pathways [89,117]. It also reflects established interpretations of circularity
metrics recognising that partial virgin input may be necessary to maintain durability and functional
performance [88,118].

4.3.2. Circularity Index (CI) Results

The CI integrates material recovery with the relative energy performance of secondary versus
primary material production. Energy inputs were derived from cumulative energy demand values
obtained from the life cycle inventory, considering material preparation and filament production
while excluding printing energy. The cumulative energy demand for the secondary route was 23.6
MJ/kg, compared with 51.0 MJ/kg for the primary virgin PLA route, consistent with reported energy
intensities for recycled and virgin PLA production [119,120].

These values yielded an energy benefit factor (f3) of 0.537. Recovered recycled material at end-
of-life was calculated as 125.0 kg, corresponding to a recovered material fraction (o) of 0.0625 on a
product mass basis. Combining these terms resulted in a CI value of 0.0336.

The low CI highlights that, under landfill-dominant end-of-life conditions, the energy
advantages of secondary PLA production are insufficient to compensate for weak material recovery,
reinforcing the role of recovery infrastructure in determining circular performance [87-89].

4.3.3. Interpretation and Complementarity with LCA Results

Together, the MCI and CI results demonstrate that the circular performance of a garbage-to-gear
system is driven by both material composition and process efficiency, rather than recycled content
alone. For the V50:R50 configuration, circularity outcomes reflect a deliberate balance between
circular material use and functional performance, supported by measured mechanical durability and
service life.

The two indicators are mutually reinforcing rather than overlapping. The MCI captures overall
material retention and loss across the system, while the CI highlights the energetic quality of the
recycling pathway. When interpreted alongside conventional LCA indicators such as global warming
potential and cumulative energy demand, these metrics strengthen the evidence base for resource
efficiency and circularity claims while reducing the risk of overstatement [89].

Governance Signal: Overall, integrating supplementary circularity indicators with LCA
provides a more complete and decision-relevant assessment of CM performance. By aligning
circularity metrics with experimentally validated material systems and consistent system boundaries,
the approach strengthens transparency and comparability, supporting credible ESG-relevant
interpretation without relying on declarative claims. These results indicate that ESG-relevant
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resource efficiency claims derived from PC-PLA-based FFF must be conditioned on material retention
and energy-adjusted circular performance, rather than recycled content alone.

4.4. STAGE IV — Waste Diversion Potential Analysis

This stage evaluates the waste diversion potential of post-consumer PLA into circular FFF using
a deterministic mass-balance framework. The objective is to estimate how much PLA waste could be
redirected under defined collection, sorting, and processing efficiencies. The results quantify
governance-constrained diversion potential and identify dominant leverage points beyond process-
level optimisation.

4.4.1. Diversion Capacity of Circular FFF

The mass-flow model was applied to quantify the upper-bound diversion potential of post-
consumer PLA into circular FFF under explicitly defined market, application, technical, and
governance constraints. Rather than projecting future waste flows, the analysis establishes a
bounded, governance-contingent opportunity space for circular PLA utilisation, consistent with ISO-
aligned scenario modelling practices.

1. Estimation of Annual Global PLA Waste Availability: Global PLA availability was anchored
to the projected 2025 global biobased plastics production capacity of 2.31 million tonnes, as
reported by European Bioplastics [92]. Industry data indicate that PLA represents approximately
26.4% of total biobased plastics capacity, yielding an estimated global PLA production capacity
of about 0.61 million metric tonnes in 2025 [92].

Because not all PLA enters the waste stream within a single year, two filtering assumptions were
applied to estimate annual waste availability. First, the share of PLA used in short-lived applications,
primarily packaging and disposable products, was set at 55%, consistent with application
distribution data indicating packaging as the dominant end-use segment. Second, the proportion of
this short-lived PLA reaching end-of-life within the assessment year was conservatively assumed to
be 75%. This midpoint assumption reflects the predominance of short-lived plastic products in global
waste streams while avoiding optimistic assumptions of immediate disposal in the absence of
polymer-specific end-of-life data [121,122]. Applying these constraints yields the estimated annual
global PLA waste generation:

Mppawaste = (0.61 X 10°t) X 0.55 % 0.75 = 250,000 tonnes/yesr

This value represents the theoretical maximum waste pool from which circular FFF could draw
feedstock, prior to accounting for system losses and governance constraints.

2. Internal Technical Yield Constraint: Not all available PLA waste can be converted into usable
PC-PLA filament and successfully printed products due to processing losses across the recycling
and manufacturing chain. Internal technical efficiency was therefore modelled as the product of
stage-specific yields associated with mechanical reprocessing, filament extrusion, and FFF
printing.

A mechanical reprocessing yield of 0.75 was adopted to account for sorting losses, contamination
rejection, and polymer degradation, consistent with reported recovery efficiencies for post-consumer
plastics under mechanical recycling pathways [123-126]. Filament extrusion yield was assumed to be
0.95, reflecting low material losses under controlled extrusion conditions, primarily associated with
purge and start-up waste [127]. The FFF printing yield was conservatively set at 0.90, accounting for
support structures, failed prints, trimming losses, and PC-PLA-specific warping or print instability.
While modern high-speed FFF systems demonstrate improved reliability, practical waste-to-part
ratios commonly involve 10-15% support material by mass, with additional variability arising from
recycled feedstock behaviour [128].

The combined internal technical efficiency is calculated as:

Ninternal = nreprocess X nfilament X nprint
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Ninternat = 0.75 %X 0.95 X 0.90 = 0.64

This result indicates that, even under technically optimised conditions, only approximately
64.0% of collected and correctly sorted PLA waste can be converted into functional FFF products. The
remaining fraction is lost due to contamination, degradation, extrusion instability, and printing
failures.

3. Governance-Constrained Diversion Capacity: The internal technical efficiency defines an
upper technical ceiling, but actual diversion capacity is further constrained by upstream
governance factors, particularly collection and sorting efficiency. Scenario-specific values of
Neapture and Mg, summarised in Table 5, were applied to generate conservative, moderate,
and transformational governance conditions.

The conservative and moderate scenarios reflect current and incrementally improved plastic
waste governance contexts, consistent with Australia’s low plastics recovery rates and partial MRF
upgrading pathways [116,126,129,130]. The transformational scenario adopts a collection efficiency
of 50% and a sorting efficiency of 90%, representing an upper-bound benchmark achievable under
coordinated national policy, advanced material recovery facilities, and clear polymer identification.
These values are consistent with reported overall waste recovery rates in high-performing systems
and documented sorting efficiencies of 85-95% for targeted polymer streams in modern MRFs
[116,131].

Under transformational conditions, the model yields a maximum diverted PC-PLA mass of
approximately 73,000 tonnes per year, corresponding to 28.8% of the global PLA waste pool. These
scenarios are intended as governance benchmarks rather than forecasts.

Table 3. Global PLA waste diversion potential via circular FFF under alternative governance scenarios.

Diverted Diversio
Collectio Sorting  Internal PC-PLA 1 share Governance
n efficienc  technica mass of global and policy
efficiency y lyield Mgpg o pLa PLA interpretatio

ncapture Nsore Ninternal (tonne)S/ year waste (0/0) n

Scenario

Circular FFF
remains a
high-value
niche
application,
Conservative 0.10 0.50 0.64 8,100 3.2 constrained
by limited
waste
capture and
separation
infrastructure

Diversion
becomes
strategically
relevant with
Moderate 0.25 0.75 0.64 30,000 12.0 regional
investment in
collection
and sorting
hubs

Transformationa 0.50 0.90 0.64 73,000 8.8 Reqt‘ures
1 coordinated
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national
policy,
procurement
incentives,
and high-
performance
waste
governance

Governance signal: The diversion analysis indicates that the scalability of circular FFF is
primarily constrained by governance capacity rather than process-level technical performance. While
internal technical yield imposes a fixed upper bound, variation in diversion outcomes is dominated
by collection and sorting efficiency, identifying waste capture and separation as the dominant
governance-controlled leverage points rather than printing technology optimisation.

4.5. Integrated ESG Interpretation and Governance Signals

By integrating service-life-normalised LCSA outcomes with KPI gap-to-threshold and diversion
analysis, these results provide a consolidated ESG-oriented interpretation of PC-PLA adoption in FFF
systems [76,132]. The evidence indicates that PC-PLA-based FFF delivers robust environmental
benefits, conditionally viable economic performance, and governance-dependent social outcomes.
Importantly, sustainability performance in circular additive manufacturing should not be treated as
a static score. It emerges from specific material substitution choices and process configurations, and
it is mediated by the extent to which organisations can control, verify, and institutionalise those
choices.

1.  Environmental performance and energy shifting: Substantial environmental improvements are
observed with partial substitution of vPLA by PC-PLA, particularly in the V50:R50
configuration. Reductions in GWP, CED, and ARD remain significant when normalised by
measured service life, confirming that environmental gains are not artefacts of reduced
durability [132]. At the same time, the results highlight a relevant operational sensitivity: as
circularity increases, part of the environmental burden shifts from printing operations toward
upstream steps such as sorting, washing, and extrusion [133]. This shift implies that the
environmental credibility of PC-PLA becomes increasingly sensitive to the carbon intensity of
local electricity and to the efficiency of preprocessing systems.

2. Economic viability and social value creation: In contrast to the environmental dimension,
economic and social outcomes are more dependent on organisational practices and system
coordination. The gap-to-threshold analysis identifies preprocessing intensity and functional-
unit cost stability as primary contributors to residual economic gaps, indicating that cost
performance is governed by material handling efficiency and quality consistency, not by the
printing process alone [134]. Socially, the results indicate meaningful local employment
potential associated with decentralised recycling and filament production. However, recycled
filaments impose higher workforce demands, as feedstock variability requires more frequent
process tuning and operator intervention compared with virgin filaments. Social value creation
is therefore conditional on structured training systems, occupational health and safety practices,
and robust process governance, rather than being an automatic outcome of recycled material
adoption [135-137].

3. Governance and the Australian context: Waste diversion analysis further demonstrates that the
sustainability relevance of PC-PLA-based FFF extends beyond material substitution. Diversion
outcomes are highly sensitive to collection and sorting efficiency, which are shaped by
governance maturity and recovery infrastructure rather than by FFF process capability alone
[138,139]. Within the Australian manufacturing context, these dependencies are amplified by
high energy costs, labour constraints, and historically fragmented recycling infrastructure [140].
Under these conditions, sustainability outcomes are increasingly determined by local
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coordination, standards, and accountability mechanisms rather than global material sourcing
alone. Table 4 synthesises the principal ESG implications associated with PC-PLA-based FFF
adoption and identifies the governance conditions required to translate technical potential into

credible ESG performance.

Table 4. ESG implications associated with PC-PLA-based FFF adoption and their governance dependencies.

ESG

Governance condition

R Implication Performance signal .
Pillar P 5 required
Increased upstream Environmental impacts -
e . Energy-efficient
energy sensitivity dominated by .
E preprocessing, renewable

associated with recycled
feedstock processing

preprocessing rather than
printing operations

electricity integration

Higher skills and training
S intensity across recycling
and FFF operations

Employment growth
accompanied by gaps in
formal training and
process control capability

Certified training
pathways, safety systems,
and quality standards

Heightened dependence
of sustainability
performance on

governance capability,
with potential for

Sustainability outcomes
governed by local
coordination, while gaps
emerge where targets,
controls, and verification
are absent

Formal accountability
roles, auditable controls,
verification systems, and
alignment with national

standards and policy

frameworks

domestic capability
building and reduced
import reliance

5. Discussion
5.1. Reframing LCSA Evidence as ESG-Relevant Information

The central contribution of this study lies in demonstrating how empirically validated LCSA
evidence can be translated into decision-relevant ESG information without relying on product
declaration frameworks or simplified circularity claims. Consistent with the staged analytical
framework developed in this study, quantified environmental, economic, and social performance is
reinterpreted through an organisational accountability lens, where sustainability outcomes function
as governance-relevant signals rather than endpoint sustainability metrics. Figure 7 synthesises this
translation logic by illustrating how empirically derived LCSA indicators are mediated through
governance to become ESG-relevant information.

In line with the stated aim, the discussion focuses on ESG implications arising from the use of
recycled PLA in FFF, examined in terms of how PC-PLA adoption alters environmental risk exposure,
conditions for social value creation, and governance requirements within manufacturing
organisations, rather than absolute sustainability performance or disclosure compliance.
Sustainability information becomes ESG-relevant only to the extent that it informs forward-looking
assessments of organisational resilience, risk exposure, and long-term value creation [141,142].
Accordingly, the ESG implications identified here function as governance signals derived from
empirically verified life-cycle evidence rather than as descriptive or promotional sustainability
claims.

At the organisational level, the relevance of PC-PLA-based FFF lies in managing material,
workforce, and transition-related risks rather than in sustainability claims alone. This is particularly
salient in contemporary ESG contexts, where credibility increasingly depends on the traceability,
verifiability, and governance of disclosed indicators rather than their volume [143,144].By
constraining ESG interpretation to indicators that are materially significant, operationally
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controllable, and empirically verifiable, this study reduces the risk of symbolic or selective disclosure
in circular manufacturing contexts.

Although the empirical analysis is grounded in PC-PLA-based FFF, the LCSA-to-ESG translation
logic is not inherently material-specific. The framework can be applied to other waste-derived
polymer systems in additive manufacturing, provided that material degradation behaviour and
processing constraints are explicitly accounted for. When interpreted against Australia’s circular
economy objectives, the results highlight governance conditions required for policy-aligned material
transitions. Reductions in service-life-normalised emissions and virgin material demand directly
support material-footprint reduction objectives [48], while waste diversion potential results reframe
recovery targets as system-level governance challenges rather than fabrication-level optimisation

problems.
LCSA Evidence on Recycled PLA in FFF
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Figure 7. Governance-mediated translation of LCSA evidence into ESG-relevant signals in tPLA-based FFF.

5.2. Environmental Pillar (E): From Environmental Impact Reduction to Improved Environmental
Governance Metrics

The quantified reduction in greenhouse gas emissions achieved through partial substitution of
virgin PLA with recycled PLA represents a clear environmental benefit. When expressed using
avoided-emissions logic, these results provide decision-relevant environmental evidence that can
inform organisational sustainability governance, particularly in relation to transition-risk
management and material sourcing decisions [145,146].

The analysis demonstrates that the environmental significance of circular FFF is driven primarily
by upstream material substitution rather than marginal efficiency gains within the printing process
itself. This challenges technology-centric narratives that prioritise manufacturing optimisation while
overlooking the dominant influence of material sourcing [147]. Responsibility therefore shifts toward
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procurement strategy, supplier selection, and material stewardship as primary organisational levers
for environmental performance [148,149].

The integration of circularity indicators strengthens environmental governance interpretation
by distinguishing substantive material loop closure from nominal recycled-content claims. This
distinction is critical for governance oversight, as recycled content alone is increasingly recognised as
insufficient evidence of circular performance [89]. In the Australian context, where energy-price
volatility and material-supply risk persist, these findings underscore procurement-led
decarbonisation and material governance as central environmental ESG levers [144].

Accordingly, environmental outcomes associated with material sourcing, energy demand, and
waste generation increasingly translate into operational disruption risk, regulatory exposure, and
reputational harm [48,143,150]. Within PC-PLA-based FFF, demonstrated reductions in emissions
and virgin material dependency function as transition-risk mitigation signals, while residual
exposure linked to preprocessing intensity highlights the need for governance-led environmental
management and verification.

5.3. Social Pillar (S): Conditional Social Value and Governance Inter-Dependency

Social life-cycle results indicate that circular FFF can generate local employment through
decentralised waste collection, sorting, and reprocessing. However, social value creation is
conditional rather than automatic and depends on enabling governance structures and accessible
infrastructure, not material substitution alone [151,152]. The observed trade-off between employment
intensity and gaps in formal training, occupational safety, and process control challenges the
assumption that job creation inherently produces positive social outcomes [153]. Without structured
oversight, employment expansion may instead increase ethical, human-rights, and reputational risks
[154].

Social performance is further shaped by the availability and inclusiveness of recycling,
extrusion, and FFF manufacturing infrastructure [155,156]. Where facilities are geographically
concentrated or institutionally inaccessible, participation in circular supply chains remains limited.
Decentralised systems also rely on stakeholder awareness across the value chain. Limited
understanding of separation standards, recycling pathways, and quality requirements can
undermine both product reliability and social outcomes [157,158].

Overall, social performance in CM is best understood as a governance-managed outcome rather
than an intrinsic benefit of circular material use [159]. This reinforces the interdependence between
the Social and Governance pillars, as limitations in governance capacity directly constrain the
realisation of social benefits [160,161]. Weak workforce governance, limited infrastructure access, and
inadequate stakeholder protection constrain social value realisation and expose firms to regulatory
and reputational risks [143]. In PC-PLA-based FFF, these interdependencies directly affect social
legitimacy and long-term value creation.

5.4. Governance Pillar (G): Ticking Box Performance Assessment Versus Improved Accountability and
Stewardship

Governance functions as the mediating condition that determines whether LCSA-derived
sustainability performance becomes decision-relevant and credible [76]. While LCSA identifies
performance gaps and trade-offs, it does not prescribe organisational responses. The governance
implications therefore depend on how environmental, economic, and social evidence is embedded
within decision structures, accountability mechanisms, and assurance practices. Organisations may
achieve favourable technical outcomes through material substitution yet remain governance-weak in
the absence of explicit targets, oversight structures, traceability systems, and verification mechanisms
[162,163].

Conversely, stronger governance requires leadership commitment, investment decisions, and
institutionalisation of ESG oversight within routine operational and procurement practices [164].
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Whilst LCSA and EPD are valuable disclosure tools they will not help transform industrial
production. From a broad governance perspective they help standardise sustainability reporting,
facilitate improved information asymmetry in organisations and help achieve regulatory
requirements. This paper suggests that linking LCSA frameworks to ESG frameworks can improve
governance capacity and move the production system away from formal compliance to an
entrenched culture of sustainability performance with a much clearer understanding of false or
superficial assumptions of sustainability performance.

This reinforces the principle that sustainability transitions are organisational and institutional
transformations rather than purely technological ones [165]. FFF should therefore be understood as
an enabling system whose ESG relevance depends on how it is governed, monitored, and integrated
into decisions. Without governance mechanisms for material traceability, quality assurance,
workforce competence, and supplier accountability, the ESG value of circular FFF remains difficult
to verify [162,166]. ESG outcomes are shaped more by governance maturity and internal capability
than by access to circular manufacturing technologies alone [161]. Even where technically viable
rPLA-based FFF options exist, limitations in data availability, reporting transparency, workforce
training, and managerial capacity can constrain consistent ESG performance, particularly among
small and medium-sized enterprises. This helps explain variability in governance outcomes across
organisations operating under similar technological conditions and reinforces the role of internal
controls and assurance systems in translating technical sustainability potential into credible ESG
performance [141,167].

Governance capability also shapes how organisations engage with stakeholders affected by
decentralised CM systems [168]. In rPLA-based FFF, social responsibility extends beyond internal
workforce considerations to engagement with waste generators, recycling partners, suppliers, and
downstream users. Structured and transparent engagement, supported by accessible infrastructure
and awareness initiatives, can enhance local value creation and social legitimacy. Conversely, weak
coordination and opaque practices risk undermining trust and diminishing perceived social value
[167,169].

As investor scrutiny intensifies, the ability to collect, verify, and report life-cycle-based
sustainability data becomes a material governance competence [170]. Robust reporting strengthens
investor confidence by demonstrating verified emissions reductions, resource-efficiency gains, and
social safeguards. In this context, the V50:R50 configuration operates as a governance benchmark,
offering a credible pathway for managing Scope 3 exposure and resource dependency while
signalling readiness for tightening regulatory and market expectations [171].

5.5. Scale, Boundaries, and the Risk of Over-Claiming Circularity

Governance considerations become particularly salient when extending analysis from
organisational decision-making to system-level claims of circularity [167,172]. The waste diversion
analysis provides a corrective to optimistic circular economy narratives by quantifying the maximum
plausible diversion of PLA waste into FFF under defined governance and infrastructure conditions.
The results indicate that circular FFF represents a strategic niche pathway rather than a
comprehensive waste-management solution, underscoring the risks of extrapolating laboratory- or
firm-level outcomes to economy-wide claims [122,138].

This insight has direct ESG relevance. Overstating the scalability or permanence of circular
technologies can undermine the credibility of sustainability disclosures and increase exposure to
greenwashing risk [173,174]. Responsible ESG communication, therefore, requires a clear distinction
between technically viable circular niches and system-wide solutions, together with transparent
articulation of the governance, infrastructure, and material-quality conditions required to realise
projected benefits [143,174].

A further boundary condition concerns the temporal limits of recyclability. Repeated thermal
and mechanical processing degrades polymer molecular weight, rheological stability, and functional
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performance, while circularity indicators such as MCI and CI are sensitive to these quality losses
[89,123]. Recyclability, therefore, cannot be treated as a uniform or static material property. Diversion
potential is primarily constrained by upstream factors including collection efficiency, sorting
capability, preprocessing yield, and quality control rather than downstream manufacturing
optimisation [175,176].

Collectively, these findings emphasise that credible circular manufacturing claims must be
bounded, quality-aware, and governance-verified. Circular FFF can deliver environmental and
resource-efficiency benefits only within clearly defined system limits and under governance
arrangements capable of monitoring material quality, recycling efficiency, and long-term functional
performance.

5.6. Implications for ESG Reporting, Policy, and Practice

Collectively, the discussion positions circular FFF using PC-PLA as a governance-sensitive
sustainability pathway with clear but bounded ESG implications, particularly within the Australian
manufacturing context. For Australian manufacturers, especially SMEs, ESG-aligned adoption of
recycled materials requires more than material substitution alone [177]. Instead, it requires parallel
investment in governance capability, including workforce training, quality assurance, and
performance verification, to ensure that environmental and social benefits are credible, repeatable,
and decision-relevant [178].

This finding is particularly salient in Australia, where manufacturers operate under high energy
prices, labour shortages, and limited domestic recycling infrastructure [179]. The labour-intensive
preprocessing hotspot reflects a governance challenge rather than an inherent material limitation,
pointing to the need for targeted automation, skills development, and regional recycling hubs [57].
From an ESG perspective, such measures align operational risk management with national objectives
related to sovereign manufacturing capability, resource security, and decarbonisation [56]. In the
Australian context, where ESG scrutiny increasingly extends to capital allocation decisions,
investments in preprocessing automation, recycling infrastructure, and workforce capability function
not only as operational improvements but also as governance signals reflecting an organisation’s
transition strategy and risk management approach [60,85].

For policymakers, the quantified diversion potential derived from the waste diversion potential
analysis provides a defensible, evidence-based basis for targeted support mechanisms, such as
procurement incentives, co-investment in waste sorting infrastructure, and regionally focused CM
initiatives [48]. Rather than blanket CE mandates, the results support selective policy intervention
aimed at unlocking governance and infrastructure constraints that currently limit the scalability of
circular FFF in Australia [66].

From a reporting and assurance perspective, the study demonstrates how LCSA evidence can
be translated into indicators aligned with governance, strategy, risk management, and metrics pillars
of emerging disclosure standards, including ASRS S1 and 52 [180]. By prioritising organisational
accountability over declarative product claims, the analytical framework provides manufacturers
with a structured pathway for integrating engineering-level sustainability evidence into credible and
auditable ESG disclosures, thereby reducing greenwashing risk and enhancing transparency [180].

5.7. Contribution to Sustainable Manufacturing Research

This study advances sustainable manufacturing research by presenting an empirically grounded
framework for translating detailed LCSA evidence into ESG-relevant governance insights, with
particular relevance to advanced manufacturing in Australia. Rather than conceptualising ESG as an
external reporting obligation, the framework embeds governance logic within engineering-based
sustainability assessment, linking material performance, organisational capability, and system-level
scale.
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Within the Australian context, where manufacturing resilience is shaped by decarbonisation
targets, supply-chain fragility, and skills availability, the findings indicate that sustainability
transitions are governance- and capability-driven rather than technology-limited [181]. The
identification of collection efficiency as the dominant system constraint further highlights the absence
of Extended Producer Responsibility as a structural limitation in circular manufacturing systems,
with implications for both material recovery performance and formalisation of recycling-related
employment [182,183].

The results demonstrate that PC-PLA-based FFF can deliver environmental and social benefits
when supported by organisational systems capable of managing material quality, workforce
competence, and performance verification. This insight is particularly relevant for Australia’s
advanced manufacturing sector, where rebuilding domestic capability requires sustainability
strategies that are credible to investors, regulators, and procurement authorities [60].

More broadly, the study responds to growing calls for sustainability assessments that move
beyond impact quantification toward decision-useful, governance-aligned information capable of
supporting real-world transition pathways. By integrating LCSA, circularity metrics, and waste
diversion potential analysis within an ESG implications lens, the work provides a transferable
analytical approach for evaluating emerging manufacturing technologies in policy-relevant contexts,
particularly in economies such as Australia that seek to rebuild domestic manufacturing capacity
while meeting increasingly stringent sustainability expectations.

6. Conclusions and Future Research

By focusing explicitly on PC-PLA use within FFF, this study demonstrates that ESG implications
arise directly from material substitution decisions. Environmental benefits, social outcomes, and
governance requirements emerge as interdependent consequences of PC-PLA adoption rather than
inherent attributes of additive manufacturing technology. The findings reveal a misalignment
between observed sustainability performance and the pace at which governance signals evolve to
guide and validate that performance.

This study demonstrates that PC-PLA-based FFF can deliver meaningful environmental and
social benefits for manufacturing; however, these benefits do not automatically translate into ESG
relevance. By reframing life cycle sustainability assessment as an evidence-based assessment rather
than an endpoint, the research shows how quantified environmental, economic, and social
performance can be interpreted through an ESG implications lens that emphasises governance
capability, accountability, and decision relevance moving from ‘informational’ to ‘transformational’
sustainability performance.

The results confirm that partial substitution of vPLA with post-consumer PC-PLA yields
significant reductions in greenhouse gas emissions, energy demand, and dependency on virgin
materials when assessed using service-life-based functional units. However, economic and social
outcomes exhibit residual performance gaps linked to preprocessing intensity, durability constraints,
and workforce training requirements. These gaps are not intrinsic failures of recycled materials but
governance-managed risks that require organisational intervention through investment, automation,
skills development, and quality assurance.

Importantly, the waste diversion potential analysis highlights that the sustainability significance
of circular FFF is primarily governed by upstream waste collection and policy coordination, rather
than by the additive manufacturing technology itself. Consequently, this study offers the following
final conclusions for the Australian context:

e Policy-Led Scalability: Realising the transformational diversion potential of 28.8% of global PLA
waste requires a shift from fabrication research to waste system governance and infrastructure.

e Integrated ESG Strategy: For Australian SMEs operating under high energy costs and labour
shortages, investments in recycling infrastructure and certified workforce training emerge as
core elements of a credible ESG strategy rather than mere operational improvements.
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e  Evidence-Based Disclosure: The proposed framework provides a practical pathway for
manufacturers to integrate engineering-level evidence into auditable ESG narratives, reducing
exposure to greenwashing risk while meeting emerging disclosure standards such as ASRS S1
and S2.

Limitations of the Study: Despite its contributions, this study has several limitations that should
be acknowledged. The ESG interpretation is anchored to a single technically and sustainability-
balanced reference configuration (V50:R50), and outcomes may vary across material blends,
feedstock qualities, and component geometries. While the ESG translation framework enhances
decision relevance and traceability, it does not provide compliance-ready disclosures or third-party
assurance.

Directions for Future Research: Future research should extend the framework across a wider
range of recycled—virgin blends, feedstock qualities, and component types to test robustness and
scalability, including applications to higher-load or safety-critical components. Further work is also
required to strengthen the empirical basis of social assessment through primary data collection,
including workforce surveys and enterprise-level case studies, and to explore pathways for
integrating experimentally grounded LCSA evidence into auditable ESG reporting and assurance
processes.
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Appendix
Table A1l. List of the selected indicators.
Sustainability Headline Performance Indicator
Key Perf Indicator (KPI
Indicators (HPI) ey Performance Indicator (KPI)
E-1 Climatic condition E-1.1 Global Warming Potential
E-2.1 Terrestrial Acidification
E-2 Ecosystem quality E-2.2 Eutrophication
E-2.3 Freshwater ecotoxicity
E- E E-3.1 lati d d
Environmental 3 nergy 3 Cur.nu. ative energy em;im
Indicators Natural resources and E-4.1 Abiotic Resource Depletion
B4 ecosystem collapse E-d.2 Water Use
y P E-4.3 Land use
E-5.1 Human Toxicity
E-5 Human health F.5.0 Fine particulate matter
] formation
Ec-1.1 Life Cycle Cost
Ec-1 ircul t Effici
Economic ¢ Circular Cos cency Ec-1.2 Net Benefit
. R
indicators Ec-2 Green Return on Ec-2.1 Carbon Tax Saving

Investment
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Social Indicators

5-1

S-2

Local Community 5-1.1 Local employment
5-2.1 Quality of Life
Workers 500 Workplace Training and Skill

Development

Table A2. Material Circularity Indicator (MCI) and Circularity Index (CI) calculations.

Group Symbol Parameter Value
Product basis M Mass of product (kg) 1000
Blend E Recycled fraction at blend inlet (cups feedstock) 0.500
Blend E, Re-used fraction 0.000
Blend Nril Filament extrusion yield 0.980
Blend Nprn Printing yield (accounts for supports, failed prints) 0.950
Material M Total material demand at blend inlet (kg) 1074
demand
End-of-life Gy Collection rate for recycling at EoL 0.150
End-of-life Cu Collection rate for reuse at EoL 0.000
End-of-life Ec Recycling efficiency at EoL (yield) 0.833
End-of-life Ef Effective EoL recycling = C,E 0.125
Recycled Erecin Recycling efficiency to produce recycled feedstock 0.900
feedstock
Utility L Product lifetime (hr) 62.0
Utility Loy Industry-average lifetime (hr) 62.0
Utility U Utility factor (uses) 1.00
Utility Uay Industry-average utility 1.00
Energy for CI Es CED for secondary route (MJ/kg), material prep plus 23.6
filament
Energy for CI Ep CED for primary route (MJ/kg), virgin resin plus 51.0
filament
MCI calculation (Ellen MacArthur Foundation)
Material Inputs
Description Equation Value
Total material demand _ M 1074 kg
) n f ilnprn
Virgin material input V=M({-F —E) 537 kg
Recycled material input R, =MFE, 537 kg
EMF recycled fraction basis Fp = % 0.537
Waste terms
Description Equation Value
Uncollected EoL product W=M1-C —-C) 850 kg
Waste from recycling at EoL W, =MC.(1-E,) 25.1kg
Waste from recycled feedstock W. = M (1 - Ep)Fg 59.7 kg
production ! Ep
Utility adjustment
Description Equation Value
Utility fraction X = LL ) (UU ) 1.00
av av
Utility adjustment F(x)=09/X 0.900
Linear Flow Index and MCI
Description Equation Value
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Linear Flow Index V4 W, + We '5 Wy 0.709
LFI = A
2M + 5
MCI MCI =1 — LFI - F(x) 0.362
CI calculation (energy-adjusted circularity)

Description Equation Value
Recovered recycled material R, = Ef " R; 67.1kg
Recovered fraction a=R./V +R) 0.0625
Energy benefit factor B =1—-E/E, 0.537

CI Cl=axp 0.0336
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