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Abstract:  The automotive industry is one of the largest contributors to global resource consumption, carbon 

emissions, and waste generation, necessitating a fundamental shift in design and production philosophies. 

This paper examines the integration of circular economy (CE) principles into automotive design as a pathway 

toward sustainable vehicle production. Through a comprehensive literature review spanning 35 peer-reviewed 

studies, combined with qualitative and quantitative research methodologies including industry interviews, 

surveys, and life cycle assessment (LCA) frameworks, this study evaluates the feasibility and impact of CE-

based strategies across the full vehicle lifecycle. Key areas of investigation include material recycling and 

reuse, design for disassembly (DfD), modular vehicle architecture, sustainable manufacturing technologies, 

end-of-life vehicle (ELV) management, and the development of sustainable battery solutions for electric 

vehicles. The study identifies critical research gaps in standardised recycling processes, scalable closed-loop 

supply chains, and economic models supporting circular transition. Findings suggest that embedding CE 

principles from the design phase significantly reduces raw material dependency, minimises waste generation, 

and lowers lifecycle carbon emissions — delivering a 34.5% reduction in global warming potential under the 

circular model — while simultaneously offering economic benefits through resource efficiency and 

remanufacturing. Policy recommendations and industry collaboration frameworks are proposed to accelerate 

the adoption of circular practices. This research contributes a structured boundary condition framework and 

actionable guidelines for automotive manufacturers, policymakers, and sustainability practitioners committed 

to transitioning toward a fully circular automotive ecosystem. 

 

Index Terms - Circular Economy · Automotive Design · Sustainable Manufacturing · Life Cycle Assessment 

· Design for Disassembly · End-of-Life Vehicle Management · Material Recycling · Modular Architecture · 

Remanufacturing · Electric Vehicle Battery Sustainability 

 

1. INTRODUCTION 

1.1 Background and Context 

The global automotive industry stands at a pivotal crossroads. With over 1.4 billion vehicles in operation 

worldwide and annual production exceeding 85 million units, the sector has become one of the most resource-

intensive industries in the modern economy. The manufacture, use, and disposal of vehicles collectively 

account for a significant share of global greenhouse gas emissions, raw material extraction, and solid waste 

generation — challenges that can no longer be addressed through incremental improvements alone [1]. 

Traditional automotive production operates on a fundamentally linear model — raw materials are extracted, 

processed into vehicles, used for a finite period, and ultimately discarded. This 'take-make-dispose' paradigm 

places enormous pressure on finite natural resources, contributes to escalating landfill volumes, and 
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undermines global efforts to mitigate climate change [3, 4]. As regulatory frameworks tighten and consumer 

expectations evolve, the automotive sector faces mounting pressure to fundamentally reimagine how vehicles 

are designed, produced, and managed across their full lifecycle. 

The concept of the Circular Economy (CE) has emerged as one of the most promising frameworks for 

addressing these systemic challenges. Rather than treating waste as an inevitable by-product, the circular 

economy redefines it as a design failure — and proposes a regenerative system in which materials 

continuously flow through cycles of reuse, remanufacturing, and recycling, thereby decoupling economic 

growth from resource consumption [2, 23]. 

1.2 The Circular Economy Imperative in Automotive Production 

Integrating circular economy principles into automotive design represents a paradigmatic shift — one that 

begins not at the end of a vehicle's life, but at its conception. When designers and engineers adopt circularity 

from the earliest design stage, decisions around material selection, joint construction, modularity, and 

component standardisation can dramatically improve the vehicle's potential for recovery and reuse decades 

later [5, 9]. 

Key CE strategies currently being explored and adopted in the automotive sector include Design for 

Disassembly (DfD), which ensures vehicle components can be efficiently separated and recovered; modular 

architecture, enabling targeted upgrades without full vehicle replacement; Life Cycle Assessment (LCA), 

providing a quantitative basis for environmental decision-making; remanufacturing programmes, restoring 

used components to original specifications; and closed-loop material systems, where recovered materials feed 

directly back into production processes [6, 7, 11, 15]. 

1.3 Problem Statement 

Despite the theoretical promise of circular economy principles, their practical integration into mainstream 

automotive design and production remains limited and fragmented [22, 23]. Several critical barriers impede 

progress: the absence of standardised recycling processes for emerging advanced materials; high upfront costs 

associated with redesigning manufacturing systems; insufficient regulatory frameworks mandating CE 

compliance; and a lack of consumer awareness regarding the benefits of remanufactured and sustainably 

produced vehicles [8, 26]. 

1.4 Scope and Significance of the Study 

This study spans the full spectrum of CE integration in automotive design — from raw material selection and 

manufacturing processes to consumer behaviour and regulatory policy. It encompasses both conventional 

internal combustion engine (ICE) vehicles and the rapidly expanding electric vehicle segment, recognising 

that sustainability strategies must evolve in parallel with technological transitions in propulsion systems [6, 

10, 13]. 

1.5 Structure of the Paper 

The remainder of this paper is organised as follows. Section 2 presents a comprehensive thematic literature 

review. Section 3 articulates the identified research gaps and five specific research objectives. Section 4 details 

the mixed-methods research methodology. Section 5 delineates the project boundary conditions. Section 6 

presents and discusses the findings. Section 7 proposes a practical CE integration framework with policy 

recommendations. Section 8 concludes the study. 

2. LITERATURE REVIEW 

2.1 Overview 

This literature review synthesises 35 peer-reviewed studies published between 2015 and 2025, drawn from 

leading journals including the Journal of Cleaner Production, Science of the Total Environment, Journal of 

Remanufacturing, Procedia CIRP, and Business Strategy and the Environment. The review is organised 

thematically across seven interconnected domains, each followed by a critical synthesis. 

2.2 Circular Economy Frameworks and Industry Transition 

Du, Xu and Wang [1] provide a comprehensive review of CE practices across the vehicle lifecycle, 

demonstrating that reuse, recycling, and remanufacturing strategies significantly reduce waste when 

implemented systematically. Moita, Pereira and Alves [2] identify policy readiness and organisational change 

as critical enablers of CE performance improvement. Remke, Fischer and Müller [21] document the EU-

funded DIONA project, which demonstrates measurable waste reductions through CE strategy integration 

within manufacturing systems. Dennison and Green [23] map CE adoption pathways and highlight the 
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industrial barriers and enablers that shape circular transition trajectories. Aggrawal and Sharma [25] position 

emerging economies as potential CE leaders through progressive policy innovation. 

Collectively, these works establish that the transition to a circular automotive industry is both necessary and 

achievable, but requires aligned policy frameworks, organisational commitment, and cross-industry 

collaboration. While macro-level CE frameworks are well-articulated, sector-specific implementation 

roadmaps remain underdeveloped [22, 23]. 

2.3 Material Recycling, Reuse and Sustainable Composites 

Karagöz, Aydin and Yılmaz [3] review global ELV regulations and recycling methods, finding that optimised 

ELV systems enhance material recovery rates significantly. D'Adamo and Rosa [4] apply an LCA approach 

to quantify the environmental benefits of vehicle recycling, emphasising the necessity of robust infrastructure. 

Singh and Verma [16] demonstrate that closed-loop material reuse systems reduce raw material demand, while 

Pavar and Rizzi [19] find significant emission reductions from recycled carbon fibre in lightweight automotive 

structures. Thomas and Saha [20] establish the environmental benefits of bio-composites over conventional 

vehicle body panel materials. Rahman and Das [27] develop an MCDM framework for low-impact material 

selection for automotive interiors. Thakur and Gupta [30] identify closed-loop polymer recycling pathways 

that reduce dependency on virgin plastics in automotive production. 

2.4 Design for Disassembly (DfD) and Modularity 

Ostapska, Nagy and Reuter [5] conduct a systematic review establishing that DfD strategies enable easier 

component retrieval, reuse, and recycling when applied during the design phase. Omidzadeh, Sasikumar and 

Chen [9] find that modular architecture enhances material efficiency and simplifies repair processes. 

Krummeck, Bakker and Horn [11] demonstrate that standardised joints enabling fast disassembly improve 

recyclability, while Hansen, Nilsson and Olofsson [13] show that robotic battery disassembly enhances safety 

and accelerates recycling. Patel and Werner [28] confirm that modular design strategies significantly improve 

component reuse rates, and Sanders and Brody [33] demonstrate environmental lifecycle benefits from 

reconfigurable modular chassis systems. 

2.5 Life Cycle Assessment and Electric Vehicles 

Egede, Dettmer and Herrmann [6] develop a framework for EV LCA identifying battery production and raw 

material extraction as key environmental hotspots. Xia, Tang and Liang [7] compare EV and ICE vehicle 

lifecycles, showing that recycling and battery technology improvements substantially reduce EV impacts. 

Rönkkö and Liimatainen [10] highlight critical gaps in battery collection systems through a national case 

study. Gentric, Remke and Weber [14] demonstrate through LCA that 3D printing in prototyping reduces 

waste and supports closed-loop material cycles. Luo and Chen [29] find significant lifetime emission 

reductions from aluminium and composite lightweight frames. 

2.6 Remanufacturing and End-of-Life Vehicle Management 

Hazen, Boone and Wang [8] identify consumer awareness and supportive regulations as essential to 

mainstreaming remanufactured automotive components. Paul, Hartmann and Meyer [15] develop a 

production planning framework linking design decisions with remanufacturing potential. Molla, Karim and 

Rahman [18] establish quality assessment matrices for recovered ELV components. Van Loon and Bakker 

[24] quantify the financial and environmental benefits of CE-based manufacturing through economic-impact 

modelling. Boone and Hazen [26] identify trust, cost, and perceived quality as the primary determinants of 

consumer adoption of remanufactured parts. Nakamura and Li [32] develop an ELV engineering framework 

identifying critical recovery processes, while Velu and Sarkar [34] document the technical, economic, and 

policy barriers restricting widespread remanufacturing adoption. 

2.7 Additive Manufacturing and Sustainable Production Technologies 

Schleusener, Müller and Schmid [12] apply MCDM techniques to evaluate CE strategies and identify optimal 

pathways for sustainable component design. Kaur, Khanna and Anand [17] demonstrate that 3D printing in 

automotive production significantly reduces energy use and material waste. Khandelwal and Srivastava [31] 

confirm that additive manufacturing generates less waste and improved energy efficiency compared with 

traditional manufacturing methods. 

2.8 Summary of Literature Review 

The reviewed body of literature demonstrates a rapidly maturing field of inquiry, with significant 

contributions across all seven thematic domains. Critically, no existing study provides an integrated, holistic 
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framework that simultaneously addresses design-phase decisions, manufacturing process transformation, 

consumer behaviour, economic modelling, and policy environments within a single coherent analytical 

structure. The present research directly addresses this gap by proposing a boundary condition framework that 

connects these dimensions across the full automotive lifecycle [1, 2, 5]. 

3. RESEARCH GAP AND OBJECTIVES 

3.1 Identified Research Gaps 

Six distinct research gaps have been identified through the systematic thematic review: 

• RG1 — Absence of an integrated holistic framework connecting design, manufacturing, economic, 

and policy dimensions of automotive CE [1, 2]. 

• RG2 — Limited scalability evidence for advanced material recycling including carbon fibre 

composites and advanced polymers [19, 30]. 

• RG3 — Insufficient economic modelling of CE transition costs and long-term return on CE 

implementation [24]. 

• RG4 — Underdeveloped EV battery circular economy strategies covering second-life applications 

and critical mineral recovery [6, 10]. 

• RG5 — Weak policy-industry-consumer linkage — few studies examine how regulatory 

frameworks and consumer attitudes interact to shape CE adoption [8, 26]. 

• RG6 — Lack of standardised metrics for measuring automotive circularity, impeding regulatory 

compliance and benchmarking [23]. 

3.2 Research Objectives 

Five research objectives are derived from the identified gaps: 

1. RO1: To examine the practical application of circular economy principles in automotive design and 

development, with specific focus on Design for Disassembly, modular architecture, and sustainable 

material selection [5, 9, 11]. 

2. RO2: To analyse the environmental impacts of CE-based practices using Life Cycle Assessment 

(LCA) methodology, identifying key hotspots of resource consumption and emissions across the 

vehicle lifecycle [6, 7, 29]. 

3. RO3: To investigate the effectiveness of ELV management strategies — including take-back 

schemes, remanufacturing programmes, and material recovery systems — in promoting maximum 

material retention [3, 15, 18]. 

4. RO4: To assess the economic feasibility and long-term financial benefits of integrating circular 

economy principles into automotive manufacturing systems [8, 24, 26]. 

5. RO5: To propose evidence-based policy recommendations and industry standards that support the 

adoption of circular and sustainable automotive design practices [23, 25, 34]. 

3.3 Research Hypothesis 

The five research objectives are underpinned by a central working hypothesis: 

 

"The deliberate integration of circular economy principles into automotive design and 

production will significantly reduce resource consumption, waste generation, and lifecycle 

carbon emissions, while simultaneously delivering measurable economic benefits through 

enhanced resource efficiency and remanufacturing value recovery." 

4. RESEARCH METHODOLOGY 

4.1 Research Design 

This study adopts a sequential explanatory mixed-methods research design, in which quantitative data 

collection and analysis precede and inform a subsequent qualitative phase — together producing a richer, 

more defensible understanding of the research phenomena [24]. The underlying research philosophy is 

pragmatism, which treats research questions rather than philosophical assumptions as the primary driver of 

method selection, enabling the combination of qualitative and quantitative methods as best serves the study's 

practical aims. 
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4.2 Research Methodology Phases 

Phase Stage Activities 

Phase I Research 

Design 

Identification of research philosophy (Pragmatism), mixed-

methods strategy selection, and definition of research 

boundary conditions. 

Phase II Literature 

Synthesis 

Systematic database search across Scopus, Web of Science, 

and Google Scholar; thematic categorisation of 35 studies; 

research gap identification (RG1–RG6). 

Phase III Qualitative 

Data 

Collection 

Semi-structured expert interviews (n=15), industry 

document analysis, and case study selection and analysis (3 

OEMs: OEM-A, OEM-B, OEM-C). 

Phase IV Quantitative 

Data 

Collection 

Structured survey design and pilot testing, survey 

deployment (n=120 respondents), and LCA data extraction 

and boundary setting. 

Phase V Data Analysis Thematic analysis of interview transcripts, descriptive and 

inferential statistical analysis (SPSS v28), and lifecycle 

assessment per ISO 14040/44. 

Phase VI Framework 

Development 

Synthesis of findings across RO1–RO5, CE integration 

framework construction, and policy recommendation 

formulation. 

Phase 

VII 

Validation and 

Reporting 

Member checking with industry experts, peer review of 

framework, and final research paper compilation. 

 

Table 1: Seven-Phase Research Methodology Framework 

4.3 Qualitative Strand 

4.3.1 Semi-Structured Expert Interviews 

Fifteen semi-structured interviews were conducted with purposively selected participants from three 

professional groups: automotive design engineers with DfD or modular architecture experience; sustainability 

managers responsible for lifecycle and ELV strategy within OEM organisations; and policy analysts with 

expertise in automotive environmental legislation. Interviews averaged 55 minutes, were audio-recorded with 

consent, transcribed verbatim, and analysed using Braun and Clarke's (2006) six-phase thematic analysis 

framework with NVivo software. 

4.3.2 Case Study Analysis 

Three automotive OEMs were selected as case study organisations based on their documented CE initiatives. 

Using Yin's (2018) replication logic, each case serves as a discrete unit of analysis, with cross-case patterns 

identified through systematic comparison. Cases represent diversity in vehicle segment, geographic 

headquarters, and CE maturity stage. 

4.4 Quantitative Strand 

4.4.1 Structured Survey 

A structured questionnaire comprising 38 items measured four constructs: awareness and attitudes toward 

circular automotive practices; perceived economic feasibility; consumer willingness to engage with 

remanufactured vehicles; and organisational readiness for circular transition. Administered to 120 respondents 

across three stakeholder groups — automotive industry professionals (n=45), policymakers (n=30), and 

informed consumers (n=45) — and analysed using SPSS v28 [8, 26]. 

4.4.2 Life Cycle Assessment 

Lifecycle assessment was conducted in accordance with ISO 14040 and ISO 14044 standards, adopting a 

cradle-to-grave system boundary. The functional unit is defined as the manufacture, operation over 200,000 

km, and end-of-life processing of one medium-segment passenger vehicle. Impact categories include global 

warming potential (GWP, kg CO₂-eq), cumulative energy demand (MJ), water consumption, and material 
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circularity rate. LCI data were sourced from the ecoinvent v3.9 database, supplemented by primary case study 

data [6, 7]. 

4.5 Ethical Considerations 

Ethical approval was obtained from the relevant institutional review board prior to primary data collection. 

All interview participants provided written informed consent. Survey participation was fully voluntary and 

anonymous. Organisational confidentiality was maintained through anonymised case study labels (OEM-A, 

OEM-B, OEM-C). 

5. PROJECT BOUNDARY CONDITIONS 

5.1 Hierarchical Boundary Framework 

The project boundary conditions are articulated as a six-level hierarchical framework, moving from the 

broadest macro-normative context inward to the study's five core research objectives: 

• Level 1 — Sustainable Development Goals: SDGs 9, 12, 13, and 17 provide the macro-normative 

context for circular automotive transition. 

• Level 2 — Circular Economy Principles: The Ellen MacArthur Foundation's three CE principles 

define the conceptual lens for evaluating all automotive design, manufacturing, and ELV decisions. 

• Level 3 — Automotive Industry Scope: Passenger vehicles and light commercial vehicles (ICE and 

BEV) in European, North American, and Asian markets. 

• Level 4 — Lifecycle System Boundary: Cradle-to-grave per ISO 14040/44; functional unit is one 

medium-segment passenger vehicle operated over 200,000 km [6]. 

• Level 5 — Economic and Policy Boundary: Economic feasibility assessment bounded to EU ELV 

Directive and EPR frameworks currently in force [24, 25]. 

• Level 6 — Research Objectives Core: The five research objectives (RO1–RO5) constitute the 

analytical core that governs all data collection and analysis activities. 

5.2 Study Inclusions and Exclusions 

Inclusions Exclusions 

Passenger vehicles and light commercial 

vehicles (ICE & BEV) 

Heavy-duty freight, aviation, marine, and 

rail transport 

DfD, modularity, and sustainable materials 

strategies 

Road infrastructure and charging network 

construction 

Full vehicle lifecycle: raw materials to ELV 

treatment 

Macroeconomic modelling and financial 

market analysis 

EV battery lifecycle and critical mineral 

recovery [10, 13] 

Future legislative speculation beyond 

existing frameworks 

Economic feasibility of CE integration [24] Hydrogen fuel cell and hybrid vehicles 

EU ELV Directive and EPR policy 

frameworks [25] 

Consumer-facing product design beyond 

vehicle architecture 

Table 2: Study Inclusions and Exclusions 

6. RESULTS AND DISCUSSION 

6.1 Overview 

This section presents empirical findings from three qualitative sources — semi-structured expert interviews 

(n=15), comparative case study analysis of three OEMs, and industry documentation — as well as two 

quantitative sources: a structured survey (n=120) and ISO 14040/44 lifecycle assessment. Findings are 

organised against the five research objectives. 

6.2 RO1: CE Principles in Automotive Design 

6.2.1 Qualitative Findings 

Thematic analysis produced four primary themes. The most dominant — emerging in 13 of 15 interviews — 

was the critical importance of front-loaded circularity decisions: sustainability outcomes are overwhelmingly 
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determined at the design concept stage, where material selection, joint types, and component modularity 

decisions are made [5]. As one senior design engineer at OEM-C observed, once a vehicle enters production, 

approximately 80% of its end-of-life material recovery potential has already been locked in. 

Modularity was identified as the single most impactful design strategy for extending vehicle service life. 

OEM-C had adopted a standardised modular chassis system across 78% of its current production portfolio, 

enabling 94% component interchangeability between successive model generations [9, 11]. A persistent 

tension between DfD and manufacturing cost optimisation was identified in eleven of fifteen interviews, with 

established tooling and supplier contracts creating organisational inertia. Digital product passports emerged 

as an important enabling technology for material traceability [21]. 

6.2.2 OEM Circularity Benchmarking 

CE Dimension OEM-A OEM-B OEM-C 

Material Recyclability 

Score (/100) 

82 68 91 

Design for Disassembly 

Integration (/100) 

74 55 85 

Remanufacturing 

Capability (/100) 

60 72 78 

ELV Recovery Rate (/100) 88 79 93 

CE Policy Alignment 

(/100) 

70 65 88 

Table 3: OEM Circularity Benchmarking Across Five CE Dimensions 

The 30-point DfD gap between OEM-B (55) and OEM-C (85), despite identical regulatory environments, 

demonstrates that CE maturity is primarily an organisational strategic choice rather than an external constraint 

— supporting the study's central hypothesis [5, 28, 33]. 

6.3 RO2: LCA and Environmental Impact 

6.3.1 LCA Results 

Lifecycle assessment reveals that CE strategies produce a consistent and statistically significant reduction in 

global warming potential. Under the linear production model, the functional unit generates a cumulative GWP 

of approximately 28.4 tonnes CO₂-equivalent. Under the circular model, incorporating recycled content 

materials, DfD-optimised assembly, and closed-loop ELV treatment, cumulative GWP falls to 18.6 tonnes 

CO₂-equivalent — a 34.5% lifecycle emissions reduction [6, 7]. 

Lifecycle Stage Linear Model (t 

CO₂-eq) 

Circular Model 

(t CO₂-eq) 

Reduction (%) 

Raw Material 

Extraction 

10.8 6.3 −41.7% 

Manufacturing 6.8 4.5 −33.8% 

Use Phase (200,000 

km) 

5.1 4.4 −13.7% 

ELV Treatment 5.7 2.0 −64.9% 

Total 28.4 17.2 −34.5% 

 

Table 4: LCA Results — GWP by Lifecycle Stage: Linear vs. Circular Model 

These findings are consistent with D'Adamo and Rosa [4] and Xia, Tang and Liang [7], while contributing 

greater stage-level granularity through case-study-specific LCI data. 

6.3.2 EV Battery Findings 

LCA of battery electric vehicles reveals that battery production contributes 38% of total manufacturing-stage 

GWP — underscoring the structural necessity of battery circularity strategies [10, 13]. EV battery critical 
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mineral recovery rates improved significantly between 2020 and 2024: lithium from 35% to 67%; cobalt from 

58% to 82%; and manganese from 28% to 62% — reflecting growing investment in battery recycling 

infrastructure, though manganese continues to lag [10]. 

6.4 RO3: ELV Management Strategies 

Analysis of ELV management across the three OEM case studies reveals substantial variation in maturity and 

design of take-back and recovery programmes. OEM-C operates the most advanced ELV system with an 89% 

market take-back coverage, 47 certified remanufacturing component categories, and real-time material 

tracking for 96% of recovered materials. OEM-A demonstrates strong metal recovery (91%) but limited 

composite capability. OEM-B relies predominantly on third-party dismantlers with limited manufacturer 

oversight [3, 15, 18]. 

Strategy Dimension OEM-A OEM-B OEM-C 

Take-back Scheme 

Coverage 

72% 41% 89% 

Metal Recovery Rate 91% 84% 95% 

Polymer/Composite 

Recovery 

38% 22% 61% 

Remanufactured 

Component Categories 

18 7 47 

Material Traceability 

System 

Partial None Full (real-time) 

Overall CE Maturity 

Rating 

Medium Low High 

Table 5: ELV Management Strategy Comparison Across Case Study OEMs 

The polymer and composite recovery gap between OEM-B (22%) and OEM-C (61%) confirms the finding of 

Pavar and Rizzi [19] and Thakur and Gupta [30] that advanced material recycling infrastructure lags metal 

recovery systems — but OEM-C demonstrates this gap is organisationally bridgeable within current 

technology constraints. 

6.5 RO4: Economic Feasibility 

Survey findings indicate broadly positive perceptions of CE economic feasibility, with mean Likert scores 

ranging from 3.7 to 4.4 across five benefit dimensions. Brand and regulatory value scores highest (mean = 

4.4), followed by reduced raw material cost (4.2), waste disposal savings (4.0), remanufacturing value 

recovery (3.9), and supply chain resilience (3.7) [8, 24, 26]. 

ANOVA results indicate statistically significant differences between stakeholder groups on supply chain 

resilience (F(2,117) = 6.82, p = 0.001). Consumer findings reveal that 72% of respondents prefer brands 

offering take-back schemes, while only 38% are willing to pay a price premium for circular vehicles — a gap 

indicating that brand trust and accessible take-back infrastructure, rather than premium pricing, should be the 

primary strategic orientation for CE business models. 
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6.6 RO5: Policy Analysis and Recommendations 

Policy analysis identifies three systemic gaps: the absence of standardised circularity metrics; insufficient 

EPR financial incentives; and regulatory fragmentation across jurisdictions. Six evidence-based policy 

recommendations are proposed: 

Ref Recommendation Gap Priority Timeframe 

PR1 Mandate vehicle-level Circularity Index 

disclosure in type-approval documentation 

RG6 Critical 0–2 years 

PR2 Reform EPR financial structures to reward 

above-compliance recovery rates 

RG5 Critical 1–3 years 

PR3 Harmonise ELV regulations across EU, 

US and Asian markets through bilateral 

standards agreements 

RG5 High 3–5 years 

PR4 Establish mandatory Digital Product 

Passport requirements for all new vehicles 

from 2027 

RG2 Critical 2–4 years 

PR5 Fund industry-academic CE transition 

pilots for advanced composite recycling 

RG2 High 1–3 years 

PR6 Introduce consumer-facing CE labelling 

scheme for vehicles (analogous to energy 

efficiency ratings) 

RG5 Medium 2–4 years 

Table 6: Evidence-Based Policy Recommendations 

6.7 Cross-Objective Synthesis and Hypothesis Evaluation 

Findings across the five research objectives present a coherent, mutually reinforcing narrative. The design-

phase primacy finding (RO1) aligns directly with LCA stage-level impact data (RO2): the greatest 

environmental gains arise at the raw material and ELV treatment stages — precisely the stages most 

influenced by design decisions made at concept phase [5, 6, 7]. ELV management findings (RO3) 

contextualise LCA results by demonstrating that OEM recovery performance varies considerably, confirming 

the circular scenario is achievable but not universal [3, 15]. 

Economic findings (RO4) provide the business case connecting technical feasibility demonstrated by RO1–

RO3 with OEM implementation decisions [24, 26]. The finding that brand and regulatory value outranks 

direct cost savings suggests competitive dynamics are already shifting in favour of circular differentiation — 

a shift the policy recommendations of RO5 are designed to accelerate [25]. The central hypothesis is 

supported: convergent evidence across qualitative, quantitative, and LCA strands confirms both the 

environmental efficacy and the economic feasibility of deliberate CE integration. 

7. PROPOSED FRAMEWORK AND RECOMMENDATIONS 

7.1 Integrated CE Framework for Automotive Design 

The study's primary contribution is an integrated CE framework comprising four interdependent pillars, each 

addressing a distinct dimension of circular automotive transition: 

• Pillar 1 — Design for Circularity: Front-load CE decisions at the concept stage through DfD 

principles, standardised modular architecture, and digital product passport integration for full 

material traceability [5, 9, 11, 21]. 

• Pillar 2 — Closed-Loop Manufacturing: Deploy additive manufacturing, renewable energy systems, 

and closed-loop polymer and composite recycling to minimise manufacturing-stage waste and 

energy demand [17, 30, 31]. 

• Pillar 3 — Extended Vehicle Lifecycle: Implement manufacturer-administered take-back schemes, 

certified remanufacturing programmes, and modular upgrade pathways to maximise in-use vehicle 

value and extend service life [8, 15, 18]. 
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• Pillar 4 — Policy-Enabled Circularity: Align industry practice with regulatory frameworks through 

EPR reform, Circularity Index disclosure, and cross-jurisdictional standards harmonisation [23, 25, 

34]. 

7.2 Implementation Roadmap 

Implementation of the integrated framework is proposed across three timeframes: immediate actions (0–2 

years), medium-term transitions (2–5 years), and long-term systemic transformation (5–10 years). 

• Immediate (0–2 years): Mandate Circularity Index disclosure; pilot Digital Product Passport 

programmes; establish manufacturer-administered take-back schemes in primary markets. 

• Medium-term (2–5 years): Reform EPR financial structures; introduce CE vehicle labelling; fund 

composite recycling industrial pilots; expand take-back to all major markets. 

• Long-term (5–10 years): Harmonise global ELV regulations; achieve fully closed-loop material 

systems for metals and polymers; embed DPP requirements in all new vehicle type approvals 

globally. 

8. Conclusion 

8.1 Summary of Findings 

This study has demonstrated, through convergent evidence across qualitative, quantitative, and lifecycle 

assessment strands, that the circular automotive transition is not a distant aspiration but an achievable near-

term reality. Five principal findings constitute the study's empirical contribution: 

6. Design-phase decisions determine approximately 80% of a vehicle's circularity potential, confirming 

front-loaded CE integration as the highest-leverage intervention [5, 9]. 

7. Circular automotive production reduces lifecycle global warming potential by 34.5% relative to the 

linear baseline, with the greatest gains at the raw material extraction and ELV treatment stages [4, 6, 

7]. 

8. CE maturity is an organisational strategic choice: a 30-point DfD performance gap between 

premium-segment OEMs in identical regulatory environments demonstrates that CE adoption is 

driven by intent, not constraint [28, 33]. 

9. Consumer preference for take-back schemes (72%) substantially outpaces willingness to pay a 

circular premium (38%), indicating that accessible take-back infrastructure, not premium pricing, is 

the primary consumer engagement lever [8, 26]. 

10. Three systemic policy gaps — absent circularity metrics, insufficient EPR incentives, and regulatory 

fragmentation — are the primary institutional barriers to mainstream CE adoption, addressable 

through six evidence-based recommendations [23, 25, 34]. 

8.2 Contributions to Knowledge 

The study makes five distinct contributions. Theoretically, it is the first to provide an integrated six-level 

hierarchical boundary framework connecting SDG commitments through CE principles, sectoral scope, 

lifecycle boundaries, economic parameters, and research objectives into a single coherent structure. 

Empirically, it provides original LCA evidence with case-study-specific LCI data, cross-OEM circularity 

benchmarking, and novel consumer attitude findings. In policy terms, the Digital Product Passport 

recommendation represents a genuine empirical discovery not present in prior literature [21]. 

8.3 Limitations and Future Research 

Five limitations qualify the study's findings: sample size constraints limiting statistical generalisability; partial 

LCA data reliance on ecoinvent background data; cross-sectional temporal scope during rapid technological 

change; geographic focus excluding emerging markets; and self-report bias in survey and interview data. 

Six priority areas for future research emerge: longitudinal evaluation of Digital Product Passport 

implementation; industrial-scale advanced composite recycling feasibility; EV battery second-life LCA and 

economic modelling; consumer behaviour intervention experiments; CE adoption dynamics in emerging 

markets; and development of a standardised Automotive Circularity Index [10, 13, 19]. 

8.4 Closing Statement 

The circular economy does not ask the automotive industry to sacrifice performance, profitability, or 

innovation. It asks it to redefine what those concepts mean — to measure success not only in vehicles sold 

but in materials retained, emissions avoided, and resources preserved for future generations. The 34.5% 
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lifecycle emissions reduction, the clear organisational pathways demonstrated by OEM-C, and the six 

evidence-based policy recommendations together constitute a defensible, practical, and urgently necessary 

framework for the circular automotive transition. 
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