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Abstract

The transition to a circular economy (CE) in the automotive sector is increasingly critical
amid rising resource pressures and climate imperatives. In India, this shift is influenced
by regulatory initiatives, corporate sustainability goals, and life-cycle-wide environmental
challenges. However, current studies remain fragmented, often neglecting the linkages be-
tween policy drivers, material issues, and firm-level responses. This study aims to evaluate
how CE strategies are operationalized across the Indian automotive value chain using a
Drivers—Materiality—-Response (DMR) analytical framework. A multiple-case qualitative
analysis was conducted involving six major automotive firms and associated ecosystem
actors, with data sourced from corporate reports, national policies, and third-party as-
sessments from 2018 to 2024. Semi-structured interviews with 11 industry experts were
incorporated to strengthen triangulation, validate firm-level circular economy claims, and
support the reliability of the DMR-based interpretation. Findings reveal strong alignment
with national CE policies among leading firms, particularly Tata Motors and Mahindra,
with comprehensive integration of electrification, battery reuse, zero-waste goals, and
digital mobility solutions. However, challenges remain in end-of-life vehicle (ELV) formal-
ization and circularity in downstream systems. The DMR model effectively bridges gaps in
existing frameworks by offering a life-cycle-based lens that links Environmental, Social and
Governance (ESG), Life Cycle Assessment (LCA), and policy—firm dynamics. The study
contributes a scalable diagnostic tool for assessing CE maturity in emerging economies.
While limited by reliance on secondary data, the triangulated approach enhances reliability
and provides actionable insights for policymakers and industry leaders.

Keywords: circular economy; Indian automotive sector; Drivers-Materiality—Response
framework; sustainability; lifecycle assessment; policy interventions

1. Introduction

Sustainable development advocates for meeting present needs while ensuring the
ability of future generations to meet their own. The Sustainable Development Goals
provide a structured and integrative framework that aligns with the automotive industry’s
objectives of reducing carbon emissions and enhancing resource efficiency [1]. These align
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closely with the automotive sector’s push to reduce carbon emissions and enhance resource
efficiency. Legal pressures, shifting consumer expectations, and the urgency of climate
action are driving a major transformation in the automotive industry [2]. Sustainability
efforts are now centered on minimizing waste and extending material use through recycling,
reuse, and circular manufacturing strategies [3,4]. LCA tools support this by evaluating
the environmental impacts of design, production, and end-of-life phases [5,6]. Beyond
environmental goals, sustainability in this industry now reflects ESG transparency and
market responsiveness [7,8]. Carmakers increasingly integrate CE principles and ethical
sourcing to align with both regulatory and societal expectations [9]. The Indian automotive
ecosystem, shown in Table 1, is vast and evolving across manufacturing, mobility, recycling,
and retrofitting domains. The sector contributes ~7.1% to the nation’s Gross Domestic
Product (GDP) but also contributes significantly to emissions, pollution, and resource
depletion [10,11]. These challenges push firms to adopt greener practices and strengthen
ESG compliance under increasing investor scrutiny [12]. Table 1 lists various companies in
India across different categories of the automotive and mobility industry. These include
automobile manufacturers, shared mobility providers, used vehicle sellers, technology
providers, recyclers, and retrofitters.

Table 1. Automotive circular economy landscape in India.

Category

Representative
Companies in India

CE Practices

Key Challenges

Maruti Suzuki, Hyundai,

Electric Vehicle (EV)
transition, eco-design,

High material demand,
battery circularity,

Automobile manufacturer  Tata Motors, Mahindra, recycled material use, . -
. supply-chain emissions,
Toyota zero-waste manufacturing, -
and ELV responsibility
and battery reuse
Vehicle sharing, higher Charging gaps,

Shared mobility provider

Ola, Uber, BluSmart, Quick
Ride, Zoomcar

fleet utilization, fleet
electrification, and digital
route planning

maintenance cost, uneven
utilization, and policy
uncertainty

Used vehicle seller

Cars24, Spinny, OLX Autos,
CarDekho

Vehicle resale,
refurbishment, reuse, and
life extension

Quality verification,
warranty issues, informal
resale, and emission
compliance

Telematics, predictive

Data gaps, digital cost,
interoperability issues, and

Technology provider KPIT Technolog.les, Tata maintenance, battery . Small and Medium
Elxsi, Bosch India management, and digital .
. Enterprises (SME)
tracking . .
adoption barriers
. . . Informal dismantling,
Recvdlers Mahindra CERO, MSTI, i};\é‘il:msggmiggtiigl weak traceability, limited
Y Tata Motors Re.Wi.Re Y . p ’ infrastructure, and safety
metal recycling
concerns
Compressed Natural Gas
Maruti Auto Gas, Lovato (CNG) conversion, EV Certification gaps, safety
Retrofitters Gas, BharatMobi, Folks retrofitting, component issues, conversion cost, and
Motor reuse, and vehicle life uneven technical standards

extension

CE in the automotive sector enhances sustainability by promoting recycling, reuse,
remanufacturing, and repair. These strategies reduce environmental degradation while sup-
porting industrial competitiveness. Recent studies project that CE integration can maintain
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2050 resource consumption at 2015 levels, despite EV growth [13]. Closed-loop recycling
of steel and plastics can cut Greenhouse Gases (GHGs) by ~10%, while mobility-sharing
models reduce emissions by 4-18% [14]. Integrating Industry 4.0 and lean methodologies
improves both quality and sustainability [15]. CE-linked design investments also reduce
costs and material demand [16]. However, several barriers persist. These include supply
chain fragmentation, informal sector dominance, and inconsistent regulations in develop-
ing nations [17]. Challenges also stem from high digital integration costs, lack of workforce
skills, and poor data management [15]. Policy frameworks and global standards such as
the International Organization for Standardization (ISO) 59000 series provide pathways for
addressing these issues [18]. A major challenge is the imbalance of information particu-
larly around reverse logistics and sustainability awareness [19]. This hinders a broad CE
transition. The circular car proposes full life cycle circularity from design to end-of-life via
strategies such as reduction, reuse, repair, and recovery [20,21]. Effective data governance
and LCA are critical for evaluating CE strategies. LCA identifies improvement areas and
helps prevent burden shifting [22]. Digital product passports (DPPs) and blockchain en-
hance traceability and data security, especially in battery remanufacturing [23]. Barriers
to CE include limited tech adoption, low scrap utilization, and design challenges due to
lightweight materials [24]. Table 2 compares key circularity assessment frameworks in the
automotive sector. Models vary in scope from life-cycle-wide approaches to component-
specific indicators. While some use fuzzy logic or ontology for Key Performance Indicator
(KPI) clarity, others standardize metrics nationally. Together, they provide structured,
multi-level tools to evaluate and enhance circular economy performance.

The transition to a CE has become a strategic imperative for India’s rapidly expanding
automotive sector, which is projected to reach United States Dollar (USD) 1.8 trillion by
2030 [25]. Recent studies highlight that CE adoption significantly enhances firm perfor-
mance, with green innovation and Corporate Social Responsibility (CSR) acting as media-
tors in Indian automobile manufacturing firms [26]. Empirical evidence shows that scrap
sales used as a proxy for CE engagement positively influence revenue and inventory across
31 Indian automotive firms over 12 years [27]. Yet major barriers persist: technological
and environmental constraints are ranked as the most critical impediments to CE practice
adoption in regions such as Rajasthan [28,29]. Policy and regulatory gaps remain equally
challenging, especially in managing ELV, where India faces ten key structural bottlenecks
including informal recycling and inadequate infrastructure [30]. Moreover, firm valuations
exhibit a U-shaped relationship with CE investment, indicating that benefits increase only
after surpassing a threshold level [31]. At the same time, global recommendations urge
automakers to raise recycled plastic content to 20-25% by 2030, pushing for advanced
material recovery practices [32]. A DMR-based analytical approach is thus essential to sys-
tematically assess industry practices, stakeholder roles, and policy interventions, enabling
India’s automotive sector to accelerate its CE-driven sustainability transition. Table 2 shows
that CE frameworks in the automotive sector have moved from broad life cycle concepts
to indicator-based assessment tools. The frameworks mainly focus on material recovery,
recyclability, energy use, product lifetime and measurable circularity performance across
vehicle design and end-of-life stages.

The comparative analysis highlights diverse DMR models CE goals. Reconfigurable
Recycling System (RRS) and closed-loop recycling improve material recovery advancing
and automation, while simulation and fuzzy models aid design-recycling integration.
Concepts like Design for Disassembly and the circular car encourage life cycle thinking.
Though each model has strengths flexibility, emission reduction, or regulatory fit challenges
include high costs, complexity, and data needs. Table 3 compares DMR-based models by
focus, benefits, and limits.
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Table 2. Frameworks for circular economy in automotive sector.
Framework Key Features Primary Indicators Ref.
. . Transition from Internal Combustion
Life-cycle-oriented model . : .
Circular car Concept emphasizing reduction, reuse Engine Vehicles (ICEs) to Battery Electric [20]
recoverv. and recvclin g ! Vehicles (BEVs) and Plug-in Hybrid
Y ycung Electric Vehicle (PHEV) alternatives
. . Fuzzy logic and multi-criteria S . . o
Circularity Assessment decision-making (MCDM) for CE Relative c1.rcu.1ar1ty scores; qualitative [33]
Framework . and quantitative metrics
evaluation
Material Circularity Evaluates material flow efficiency = Virgin material input, waste generation, [21]
Indicator in vehicle design and recoverability potential
. . . Set of tools assessing CE at Varies, including input-output ratios,
Circularity Metrics product and corporate levels recyclability indices, and reuse rates [34]
Circularity Tailored indicators for automotive 23 indicators including sustainable
: . . . . [35]
Micro-Indicators plastic components sourcing and end-of-life recovery
Ontology-Based Circularity —Facilitates shared understanding  Energy consumption, material use, [36]
Model of CE KPIs product lifetime, and usage efficiency
Standardized national framework Industrial waste, energy efficiency, and
UNI/TS 11820:2022 (Ttaly) ~ for CE monitoring using e, energy Y [37]
.1 IT waste tracking
71 indicators
Table 3. Comparative analysis of diverse DMR models in CE.
Model Key Features Advantages Challenges Case Studies  Ref.
Reconflgurable Modular, scalable; Flex1b.1 € autqmated High setup cost; Robotic cells
Recycling robotic disassembl recycling; efficient complex integration  for auto parts [38]
System (RRS) y recovery p & p
Close@l-Loop Steel /plastic recycling; Cuts GHG; efficient Needs fl.lll system Auto manu-
Material input-output integration; quality ~ facturing in [14]
. resource use . .
Recycling subsystems issues China
Multl-Method Agent-based + discrete Optimizes . Complex setup; Washing
Simulation reuse/remanufacturing; . [39]
event models o heavy data needs machine case
Approach lowers cost/emissions
Systern. Links d esign & . Near-circular recovery;  Limited scope; life Aluminum
Dynamics recycling; material L [40]
future design insights cycle data demands  cans
Approach focus
Dfe51gn for Eco—mater1als; Design Maximizes resource High redesign cost; Auto L
Disassembly & for Disassembly (DFD) . . recycling in [41]
) . use; lowers pollution training needs ’
Recycling principles China
Fuzzy Computer-Aided Integrates
Rule-Based Des1gn (CAD? Fecychng design/recycling; legal Complex modehng; Automotlve [42]
link; recyclability i data intensive industry
Models . backing
prediction
Multi-Agent Suppo?ts Design for Better design choices; Setup complexity; H0u§ehold
. Recycling (DFR); . . . : appliance [43]
Decision Support . . guided disassembly CAD integration
integrates regulations model
Circular car Full life cycle reduc- Higher circularity; High cost; needs Conceptual [20]
Concept tion/reuse/recycling boosts sustainability wide adoption circular car
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However, even with the increasing interest in the CE practices associated with re-
cycling, reuse, and remanufacturing repair practices are still fragmented and focused on
technical and environmental benefits. In India, informal players’ involvement, fragmen-
tation of the supply chain, and insufficient regulations make large-scale CE application
through the entire vehicle life cycle impossible. Existing metrics like circularity indicators,
life cycle assessments, and digital product passports are currently not adequately incorpo-
rated into companies’ strategies. The present study uses DMR approach to evaluate CE
practices, identify barriers and enablers, and develop a model that would integrate LCAs
and digital measures into the process along with policy—firm cooperation. The proposed
DMR approach provides an essential analytical contribution by combining external drivers,
materiality in terms of product life cycle with a strategy response from companies at once.
Unlike other frameworks that focus on recyclability, flows of materials, efficiencies, and
the entire life cycle impacts, DMR analyzes the influence of circular economy pressures
on actual industry practices. It makes DMR especially valuable in the context of India
because of its uneven implementation of regulations, poor corporate sustainability prac-
tices, and downstream circularity. Therefore, DMR creates a structured basis for evaluating
policy—industry alignment in circular economy transition.

The manuscript consists of six parts. Section 2 provides details about methodology,
data sources, and DMR analysis. Section 3 covers key circularity dimensions such as decar-
bonization, material circularity, usage, and longevity. Section 4 provides information related
to ESG and LCA aspects. Section 5 highlights policy gaps, recommendations, and implica-
tions of the research. Section 6 presents conclusion and directions for future research.

2. Methodology
2.1. Scope and Case Selection

This research utilizes a qualitative multi-case method to analyze the incorporation of
CE in the automobile industry of India. The study scope focuses specifically on passenger
car companies and ecosystem players like recyclers and mobility services that are known
for their sustainability efforts between 2018 and 2024. In particular, the criteria for selecting
the cases are the following: (i) presence in the Indian market along with transparency
in sustainability reporting; (ii) presence of sustainable practices related to CE such as
de-carbonization, recovery of resources, and increased longevity of the products; and
(iii) consideration of all life cycles of a product starting from sourcing through manufacture,
usage, and final disposal stage. Industry companies include Tata Motors, Mahindra &
Mahindra, Hyundai, Maruti Suzuki, and Toyota India, as well as recyclers and mobility
services connected with them.

2.2. Data Sources

The analysis is based on the secondary data obtained from three sources, which in-
clude (i) corporate disclosures (annual reports, ESG reports, technical papers) (Table A1),
(i) policy frameworks (FAME-II, Corporate Average Fuel Efficiency (CAFE) norm, Ex-
tended Producer Responsibility (EPR) mandate, and draft ELV policy), and (iii) external
third-party sources, such as studies and assessments of the sector. The three sources give
a factual perspective on the institutional and firm-based framework. Semi-structured
interviews were carried out for eleven experts in different areas such as Original Equip-
ment Manufacturers (OEMs), Tier-I suppliers, Reverse Vehicle Service Facilities (RVSFs),
ESG consultancy, governance, procurement, dealer development, and informal disman-
tlers(Tables A2 and A3). Interviews were utilized in validating the secondary research and
obtaining an understanding of the circular economy implementation on ground.
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2.3. Analytical Framework

Cases were analyzed using a structured DMR framework. Drivers (D) capture external
pressures (e.g., regulations, market shifts); materiality (M) identifies life-cycle-critical issues
like electrification, resource efficiency, and circularity; and response (R) denotes firm actions
such as EV launches, renewable sourcing, battery reuse, and recycling. A two-stage coding
process was followed: open coding extracted D/M/R elements from all sources, and
axial coding aligned them with life cycle stages. To reduce the risk of self-reporting bias,
firm-level claims were verified through source triangulation. Corporate disclosures were
compared with ESG/ Business Responsibility and Sustainability Report (BRSR) reports,
government sources, policy documents, and third-party studies. Only claims showing
consistency across source type or reporting period were used for DMR coding. This process
improved the reliability of the firm-level interpretation and strengthened the credibility of
the DMR assessment.

To strengthen methodological validation, the coded evidence was cross-checked across
corporate disclosures, policy documents, and third-party assessments. A selected 10%
subsample was double-coded to check consistency in assigning drivers, materiality, and
response categories. The final DMR classification was reviewed against the predefined
evaluation criteria of policy alignment, circularity measures, and life cycle coverage.

Each case was evaluated using three criteria policy alignment, circularity measures,
and life cycle coverage rated on predefined scales as shown in Table 4. Triangulation en-
sured reliability, with thematic saturation marking coding completion and a 10% subsample
double-coded for consistency. The DMR model bridges gaps found in other circularity
tools by linking drivers, material priorities, and firm responses across the full vehicle life
cycle. It is particularly suitable for India’s context of strategic asymmetry and data gaps,
offering a structured, comparative method for assessing CE transitions.

Table 4. Evaluation criteria for automotive circularity.

Criterion Definition Key Evidence Rating
Compliance with national =~ Targets, compliance

Policy Alignment frameworks (FAME-II, statements, regulatory Direct/partial /weak
CAFE, EPR, ELV) investments

Extent of Reduce, Reuse,

Recycled content,
ELV /battery recovery, Zero

Circularity Measures and Recycle (3R) . Waste to Landfill (ZWL)/Zero  Strong/moderate/weak
/closed-loop practices in N
desien & operations Liquid Discharge (ZLD),
gh & op modular design
Scope of intervention Evidence from design to

Life Cycle Coverage

across vehicle life cycles end-of-life (ELV /battery)

Comprehensive/moderate/narrow

3. DMR Model and Car Circularity

In this study, the four pillars of automotive circularity were mapped within the DMR
structure. Decarbonization, material circularity, utilization and longevity were treated as
materiality domains because they represent life-cycle-critical issues for India’s automotive
CE transition. Materiality was determined through stakeholder impact and life cycle
relevance rather than only financial materiality. The selection was guided by ESG/BRSR
disclosures, policy priorities, the CE literature, and expert validation. For each pillar,
drivers were identified from policy, market, and technology pressures; materiality was
linked with life cycle resource and emission concerns; and responses were assessed through
firm-level initiatives such as EV adoption, recycling, reuse, telematics, repair, retrofitting,
and battery second life practices. The DMR (Drivers—-Material-Response) model applies
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circular economy principles to the automotive sector by linking circularity drivers such
as policy, market, and technology with material issues across the vehicle life cycle design,
manufacturing, use, and end-of-life. It aims to reduce resource use, prevent environmental
harm, and shift from linear to circular value flows [44]. The circular car concept emphasizes
material reuse, decarbonization, and extended life. The DMR model offers a structured
approach to embed circularity into decision-making throughout the vehicle life cycle as
illustrated in Figure 1.

e D: Key Drivers

Extended .
Longevity Strategy In India
—) . . .
PR ® M: Material Topics
R ! / Initiatives
Cnrecsﬁll;rrcl; Aty e R: Response From

Industry

Figure 1. DMR model for circular car.

3.1. Decarbonization as a DMR Pillar

In the DMR structure, decarbonization is driven by emission regulation, fuel-price
pressure, EV policy, and corporate net-zero targets. Its materiality is linked with life cycle
GHG emissions, energy use, and low-carbon manufacturing. Firm responses include EV
expansion, renewable electricity use, fuel-efficiency improvement, green logistics, and zero-
waste production practices. Decarbonization in the automotive sector spans product design,
manufacturing operations, use phase, and end-of-life treatment. Indian industry priorities
reflect this full life cycle view: low-carbon materials, process efficiency, electrification,
lightweighting, and alternative fuels are deployed together to align with national climate
targets. India is the world’s third-largest emitter (~3943 MtCO»e), and transport contributes
roughly 13% of national emissions; consequently, electrification and cleaner fuels are central
to the sector’s transition [45,46].

Policy Drivers

India has announced net zero by 2070, while the transport sector already emits
~338 Million tonnes of carbon dioxide (MtCO,) annually and could see emissions dou-
ble with rising ownership without strong interventions [10]. Instruments such as CAFE-II
(2022) push passenger vehicles toward higher efficiency (~20 km/L) and penalize non-
compliance, thereby nudging firms toward hybrids, lightweighting, and zero-emission
options like BEVs and Fuel Cell Electric Vehicles (FCEVs) [47]. On the demand side, FAME-
II (2019) allocates ¥10,000 crore to accelerate EV adoption, charging infrastructure, and
Research and Development (R&D), complemented by Section 8OEEB income tax deductions
for EV loan interest to ease ownership barriers [48,49]. At the same time, high upfront costs,
financing gaps, charging constraints, and raw material risks remain salient obstacles [46].

e  Zero-emission production—Process decarbonization is advancing through renewable
electricity procurement and on-site generation across solar, wind, hydro, and bioen-
ergy [50]. Renewables accounted for ~28.04% (113.226 GW) of India’s grid in 2022 and
are projected to rise to ~54% by 2030 and ~80% by 2040, trends reinforced by Green
Open Access Rules (2022) and Production Linked Incentive (PLI), schemes [51,52].
Electrifying heat and materials handling (e.g., plasma heating, heat pumps, electric
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furnaces, forklifts, Automated Guided Vehicles (AGVs) further reduces fossil depen-
dence [53,54]. Efficiency systems Al-based energy management, lean, and Just-in-Time
(JIT) cut waste and optimize resources [55-58]. Material circularity practices (e.g.,
recycling, Zero Waste to Landfill (ZWL) are themselves powerful levers for emissions
reduction via reduced virgin input and landfill diversion, strengthened by closed-loop
supply chains and secondary raw materials [59-61].

e  Zero-emission vehicles—Over their life cycles, BEVs emit ~50% fewer GHGs than
Internal Combustion Engine (ICE) vehicles. Even under high-mineral extraction
scenarios, BEVs still show a ~47.5% lower carbon footprint [62]. With cleaner grids,
BEVs can reduce life cycle emissions by over 75% [63-65]. Although EV production
emits up to 1.5x more than ICE at the factory gate due to battery manufacturing,
total life cycle emissions remain significantly lower, especially with clean energy and
recycling [66,67]. In 2023, global EV sales hit ~14 million (18% of all car sales), cutting
oil use by ~1 million barrels/day. In India, policies and investments are boosting
EV adoption in 2- and 3-wheelers, supported by the Zero-Emission Vehicle (ZEV)
Roadmap 2030 under the national 2070 net-zero vision [68]. Figure 2 compares the
GHG emissions across different life cycle stages, emphasizing the environmental
impact of various processes.

45 -

40 4 T

35 4

30

25

20

tCO,e per vehicle lifetime

| rEws a2 (2= ]
: _L- -
0 - T
Battery electric vehicle — Battery electric vehicle — Internal combustion
Base case High-GHG minerals case engine vehicle

M Vehicle manufacturing [l Batteries assembly and other Batteries minerals Electricity Fuel cycle (well to wheel)

Figure 2. Comparative life cycle GHG emissions (sourced from IEA) [60].

Consumer behavior and fuel prices Volatile fuel prices driven by taxes, crude rates,
and currency shifts are pushing buyers toward efficient vehicles, hybrids, and EVs [69].
Awareness and adoption of Compressed Natural Gas (CNG), Liquefied Petroleum Gas
(LPG), and biofuels are rising [70], Growth is likely to accelerate with improved batteries,
policies, and charging infrastructure, despite ongoing cost and access barriers [71]. Over
time, innovation, policy support, and public awareness will drive the shift to cleaner,
self-reliant mobility. Table 5 shows how firms respond to sustainability drivers through
circularity. Tata Motors leads in EV rollout and renewable energy targets. Mahindra pushes
EVs, hydrogen vehicles, and supplier Renewable Energy (RE) adoption. Hyundai advances
EVs, renewables, and waste reduction. Maruti Suzuki focuses on logistics, fuel savings,
and hybrids. All aim for zero-waste and carbon neutrality, though strategies vary from
product design to supply chain efforts together reinforcing circular economy practices in
India’s auto industry.
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Table 5. Company-level initiatives in response to circularity drivers and material concerns.

Company

Initiatives (Response)

Tata Motors
[72]

70% market share in Four-Wheeler (4W) EV segment, sold 73,844 EVs by Financial Year (FY) 2024.

EVs include Nexon EV, Ace EV, and 1700+ electric buses.

Net-zero target—passenger vehicles by 2040, commercial vehicles by 2045.

100% RE electricity by 2030; 3% RE in FY 2024.

Zero waste to landfill by 2030.

Promotes low-carbon supply chains via Leadership Group for Industry Transition (LeadIT).

Mahindra
[73]

200,000 EVs target, “Born Electric” platform.

Developing hydrogen fuel cell and flex-fuel prototypes.

Carbon neutral for Scopes 1 & 2 by 2040 Science Based Targets initiative (SBTi)-approved).
27% RE usage in FY 2024; target 100% by 2030.

64% energy productivity increase since 2009.

Zero waste to landfill certification for 59 sites.

80% of 78 suppliers shifted to RE.

Hyundai
[74]

34 EV models under “Ambition 2030”; target 2 million EV sales annually by 2030.
Global carbon neutrality by 2045.

42.1% RE at Chennai plant; RE100 target by 2025.

Manufacturing waste nearly fully recycled.

Compressed air and Light-Emitting Diode (LED) retrofits for energy savings.
Supply chain uses green steel, CNG, and flex-fuel R&D.

Maruti Suzuki
[75]

Shifted vehicle dispatch to 21.5% via rail (from 5% in FY 2014-2015).

Saved ~270 million liters of fuel and 10,000 tons Carbon Dioxide (CO,) over 10 years.
35% rail dispatch goal by FY 2030-31.

Testing flex-fuel and hybrid tech.

3.2. Material Circularity as a DMR Pillar

In the DMR structure, material circularity is driven by EPR rules, ELV regulation,
resource scarcity, and rising waste pressure. Its materiality is linked with steel, aluminum,
plastics, tires, batteries, and critical minerals across the vehicle life cycle. Firm responses
include recycling partnerships, authorized dismantling, recycled material use, battery
recovery, urban mining, and design-for-recycling practices. Material circularity tackles
resource scarcity, waste, and pollution by promoting reduction, reuse, remanufacturing, and
quality recycling in the auto sector. Rapid urbanization and weak waste systems worsen
fuel, mineral, and water misuse, causing contamination and emissions [76,77]. Circular
policies aim to cut virgin material use, recover value from waste, and extend product life
through eco-design and EPR frameworks [76,78]. These efforts conserve resources, reduce
environmental harm, and support a regenerative, low-waste industrial model.

3.2.1. Policy Drivers and EPR/ELV

India’s updated EPR policy places waste recovery responsibility on producers for
categories, like e-waste, batteries, tires, ELVs, plastics, and used oil, as shown in Figure 3.
The Battery Waste Management Rules 2022 and 2024 enhance recycling, collection, and
traceability duties. Table 6 outlines category-wise targets. Automotive Industry Standard
(AIS-129) and upcoming ELV rules mandate design for disassembly, hazardous substance
limits, and targets of ~80% recyclability and ~85% recoverability. Steel EPR goals, such
as 8% reuse by 2025-26, support closed-loop practices. Reporting from authorized
centers and improved dismantling processes aim to tighten traceability and reduce
material leakage [79].
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Figure 3. India’s EPR framework.

Table 6. Overview of EPR regulations.

Waste Category

Targets/Obligations

Compliance Mechanism

Ref.

EV & portable: 90% by 2026-2027;

auto & industrial: 40% by

EPR certificates, online

Battery Waste Management

Batteries 2029-30; 20-40% recycled content  tracking, fines Rules [80-82]
by 2030-31
607% in 2024-25, 70% in 2025-26, Recycling obligations, fines for
E-Waste 80% from 2027 to 2028; importers ycing obTg ’ E-Waste Rules [83-85]
o non-compliance
100% duty
Hazardous 40% recychf)lg by 2026-27, 50% by Online EPR exchange, fines Hazardous Waste
Waste 2030-31; 30% hazardous waste by (30-100% of shortfall) Rules [86]
2027, 40% by 2032 ’
Rigid: 50% (2024-25) — 80% gg;‘rt;a(lggggl‘o’ﬁlizmml
Plastic Waste (2027-28); flexible: 30% (2024-25) Plastic Waste Rules [87]

— 60% (2027-28)

reporting, recycled content
obligation

Non-Ferrous

10% (2025-27), 30% (2027-29),
50% (2029-31); 75% after 2031;

CPCB monitoring, importer

Draft EPR [88]

Metals importers 100% duty responsibility
5% (2022-23), 10% (2024-25), 20% . .

Used Oil (2026-27), 50% (2030-31); CPCD online tracking, EPR for Used Oil Rules [7]
) o importer full compliance
importers 100% duty
50% recycling by 2026-27, 80% by .

Packaging Waste  2029-30; recycled content: 70% gﬁrelstrahzed CPCB system, Packaging Waste Rules [87]
paper, 50% metal by 2029-30

Tires 35% (2022-23), 70% (2023-24), Mandatory recycling targets, Tire Recycling Rules [80]

100% (2024-25)

penalties for violations
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A 3R framework enabling technologies—Automotive applications of the (3R) frame-
work promote circularity through resource preservation, longevity, and reduction in
environmental impact [89]. Technologies such as those associated with Industry 4.0
(digital twins) enhance manufacturing efficiency while reducing material wastage [4].
Reduction efforts are widespread throughout the value chain, ranging from renew-
able energy use at factories to minimizing packaging waste [90]. Reuse practices
involve high-value assembly components (such as EV batteries and transmissions),
which mitigate embodied emissions and preserve rare materials [89]. Concerning
recycling, the industry is focusing on creating closed-loop processes for polymers,
steel, and aluminum, thanks to innovations in mechanical and chemical recycling that
enhance the quality of second-hand materials For future endeavors, reverse logistics,
depolymerization, and design for recycling are expected to increase recovery rates,
while investments in eco-design, biomaterials, and recycled feedstock alternatives will
strengthen supply chain sustainability and compliance [91,92].

Design for sustainability—Sustainability-oriented automotive design features recy-
clability, lightweighting, and modularity. Modularity simplifies repair, reuse, and
end-of-life (EOL) dismantling operations. Substitution of materials—for instance,
Sheet Molding Compound (SMC) with Polypropylene (PP) in rear door panels and
Ethylene Propylene Diene Monomer (EPDM) with plastics in sealing systems—lowers
weight and non-recyclable materials [93]. Moreover, recycled materials, including
High-Density Polyethylene (HDPE), Polyamide 6/Polyamide 66(PA6/PA66), PET,
and PP, have become common in tanks, engine components, and interiors, with life
cycle analysis indicating that recycled Polyethylene Terephthalate (PET) produces only
around 2.17 kg COze/kg CO, compared to virgin PET [94,95]. Bio-based materials
(hemp, flax, Polylactic Acid (PLA), etc.) aid in reducing dependency on petrochemicals,
whereas recycled metals, primarily steel and aluminum, lower energy requirements
and mining impacts [95]. Lightweighting using innovative materials such as carbon
fiber, aluminum, magnesium, and Advanced High-Strength Steel (AHSS) reduces
carbon dioxide emissions by ~8-11 g/km and facilitates further weight reductions
in tires, brakes, and suspensions [96,97]. In electric vehicles, a 10% weight reduction
increases range by approximately 13.7%; combining this with regenerative braking
and aerodynamic optimization further improves efficiency [98]. Finally, designing
for repair and reuse extends service life and supports ELV principles that emphasize
reuse before scrappage [99].

Urban mining—Recovering resources from anthropogenic stocks buildings, infras-
tructure, consumer goods, and ELVs offers a scalable complement to virgin extrac-
tion [95,100]. Given urban stocks of gold, copper, rare earths, and other materials rival
natural deposits, urban mining can reduce ecological damage and supply risk [101,102].
Automotive ELVs yield steel, aluminum, rare earths, and lithium; EV batteries con-
tain high-value metals (e.g., cobalt, lithium) with advanced recycling recovering up
to ~95% [101,103]. Such reintegration lowers life cycle emissions and closes loops.
Parallel opportunities in construction (“urban ore”) are being unlocked by solvent
recovery, depolymerization, Building Information Modeling (BIM), and Al-driven
sorting [100,104]. Formalizing recycling, professionalizing value chains, and creating
jobs further strengthens social sustainability [101,105].

3.2.2. Automotive 4R Pathways

Automotive circularity can be understood more clearly through four connected path-

ways: recycling, reuse, remanufacturing, and repair. Recycling focuses on recovering
materials from ELVs, production scrap and battery waste. It is important for steel, alu-
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minum, plastics, rubber, and critical battery materials because it reduces virgin material
demand and landfill burden. However, recycling alone gives limited circular value when
materials are downcycled or when informal dismantling causes leakage. The option to
reuse generates more circular value since it increases the life span of com-ponents or ve-
hicles through minimal processing. Within the Indian context, schemes such as reused
cars, second life batteries, and reused components could lower the carbon footprint and
postpone the need for virgin materials. The additional benefit from remanufacture lies in
the process of restoring the functionality of engines, transmissions, batteries, and other
assemblies. This strategy enhances the industrial competitiveness of an organization yet
faces challenges such as the absence of standards, warranties, quality issues, and ineffective
reverse logistics. The easiest circular strategy is repair, which prolongs the useful life
span of products via maintenance, replacement, and refurbishing. The strategy is relevant
in India due to the existence of informal repair networks and cost-conscious consumers.
However, it requires certification, standardization, and digitalization of services to make
the process traceable. The drivers of this process from a DMR viewpoint include policies,
material shortages, and cost consciousness. Materiality is reflected in ELV recovery, battery
circularity, component longevity, and resource efficiency. Firm responses include autho-
rized recycling facilities, certified used car channels, telematics-based maintenance, second
life battery use and design-for-repair practices. Therefore, the Reduce, Reuse, Repair, and
Recycle (4R) pathways show that automotive CE should not depend only on recycling.
A stronger CE transition requires a hierarchy where repair and reuse preserve product
value, remanufacturing restores technical value and recycling recovers material value at
the final stage.

3.3. Utilization as a DMR Pillar

In the DMR structure, utilization is driven by mobility demand, digitalization, fleet
efficiency, and the need to reduce idle vehicle time. Its materiality is linked with passenger
kilometer efficiency, vehicle occupancy, maintenance life, and resource use during operation.
Firm responses include telematics, predictive maintenance, shared mobility, connected
fleets and data-based service models. Utilization is a key pillar of circular mobility, focusing
on maximizing passenger kilometers while minimizing environmental impact. Strategies
such as fleet services, ridesharing, subscriptions, and predictive maintenance reduce the
number of vehicles needed and improve efficiency per unit of mobility. Lightweighting
enhances fuel economy, and Predictive Maintenance (PdM) reduces downtime together
boosting resource efficiency and vehicle occupancy across the system [45]. Technological
advances, regulations, consumer behavior, and market innovation all drive utilization.
Fleet telematics combining Global Positioning System (GPS), diagnostics, and wireless
connectivity reduces idle time, theft, and delays. India’s telematics market, valued at ¥555
crores in 2021, is expected to grow to ¥3796 crores by 2026, improving fleet productivity
and lowering operational costs by 10-15% [106,107].

Predictive features support uptime and early fault detection [108]. AIS-140 mandates
telematics in commercial vehicles to improve safety and compliance. Integration with
GPS tolling and Electronic VAHAN (Evahan) enhances operational efficiency [109]. In
electric mobility, telematics ensures efficient charging and range management, enabling
smoother operations [110]. PDM significantly improves utilization efficiency by using Al,
Machine Learning (ML), and Internet of Things (IoT) to monitor variables such as engine
temperature, vibration, oil viscosity, and battery health [111,112]. Advanced models like
Long Short-Term Memory (LSTM) and Gradient Boosting estimate component life and
prevent failures [113]. PdM reduces maintenance costs by 20-30%, extends part life by
20-25%, and cuts downtime by up to 30% [114]. Optimized repair scheduling and real-time
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diagnostics allow fleet operators to minimize resource waste and improve operational
efficiency [115]. Shared mobility models such as ride hailing and car sharing enhance
vehicle utilization by lowering costs, reducing congestion, and maximizing usage [116].
Private vehicles remain idle ~95% of the time [117], but platforms like Zoomcar, Rapido,
and Quick Ride reduce this by matching demand in real time [118]. These services promote
affordable, low-emission transport and align with India’s climate goals [119].

Government support, including policies and urban transport investments, enables last-
mile connectivity and adoption of shared mobility [120,121]. In India, lightweighting and
shared mobility are driven by fuel efficiency and policy support, while globally, cost efficiency
and environmental concerns dominate. Fleet telematics and predictive maintenance remain
data-limited in both regions. India faces cost barriers and low SME awareness, whereas
global markets emphasize innovation and alternative fuels. Industry responses reflect India’s
policy-driven growth and global lean production strategies. Overall, utilization efficiency
strengthens the circular economy by ensuring that vehicles are used more intensively and
intelligently during their service life, thus reducing the material and energy footprint per
passenger kilometer. Through a combination of shared mobility, predictive maintenance,
and telematics-driven fleet management, the automotive sector can achieve higher resource
efficiency, improve sustainability outcomes, and support broader climate goals.

3.4. Longevity as a DMR Pillar

In the DMR structure, longevity is driven by affordability, product-life extension, repair
demand, and circular mobility policy. Its materiality is linked with vehicle life, component
reuse, second life batteries, and reduced need for new production. Firm responses include
certified used car programs, retrofitting, repair networks, refurbishment, battery second life
use, and life cycle service support. Extended longevity in the automotive sector involves
strategies such as modular upgrades, retrofitting, and battery reuse to extend vehicle life
and reduce the need for new manufacturing. These practices support sustainability by
conserving resources and lowering emissions. Key enablers include vehicle retrofitting,
growth in the used car market, and second life battery use. Retrofitting ICE vehicles with
EV or CNG/ Bio-Compressed Natural Gas (Bio-CNG) systems under AIS-123 and AIS-024
standards helps older vehicles comply with current emission norms while improving safety
and performance [122-124]. This also reduces operational costs, simplifies maintenance, and
aids decarbonization efforts [125,126]. Though retrofitting can cost 60-70% of a new vehicle’s
price, it lowers the total cost of ownership over time, especially for commercial use [127].

Additionally, CNG-converted vehicles show improved environmental performance
by lowering non-methane hydrocarbons, despite slight increases in Carbon Monoxide (CO)
and Nitrogen Oxides (NOx) emissions [128]. The used car market is similarly evolving due
to technological advances, consumer preference shifts, and Original Equipment Manufac-
turers (OEM)-backed certification programs. It is projected to grow from 5.1 million units in
FY 2023 to over 10 million units by FY 2028, with the market value nearly doubling to USD
73 billion [129]. Buyers increasingly upgrade pre-owned vehicles with infotainment and
emission-compliant systems, supported by extended warranties and service assurances
from OEMs [130,131]. Al-driven evaluation tools now assess vehicle age, usage, and condi-
tion to guide resale and retrofitting decisions [132]. Second life battery applications also
play a central role in longevity strategies. After initial vehicular use, lithium-ion batteries
retain 70-80% capacity and are viable for energy storage in off-grid, rural, or renewable
energy systems [133-135]. NITI Aayog estimates 1.6 million metric tons of end-of-life
batteries by 2030, potentially yielding 250 GWh in second life capacity [136]. Advanced
battery management systems and Al-driven State of Health (SoH) and Remaining Useful
Life (RUL) diagnostics now allow for extended battery reuse in various contexts [137].
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Second life use reduces reliance on raw material mining, offers up to 40% cost savings, and
opens up business models in telecom towers, solar homes, and commercial Uninterruptible
Power Supply (UPS) systems [138,139]. The case evidence provides quantitative support
for DMR-based interpretation. Firm responses include 73,844 EV sales by Tata Motors,
27% renewable energy use by Mahindra and 42.1% renewable energy use at the Hyundai
Chennai plant. Circularity actions also include 92-98% ELV recyclability through Maruti
Suzuki Toyotsu India Private Limited (MSTI) and Fleet Edge coverage across more than
600,000 Tata trucks. These indicators show that the DMR-based findings are supported by
measurable industry practices rather than descriptive observations alone.

4. Integration of ESG and LCA Frameworks

The automotive sector is shifting toward circularity and sustainability, driven by envi-
ronmental concerns and tightening regulations. The European Commission now emphasizes
recovering critical raw materials Critical Raw Materials (CRMs) from automotive electronics
an area overlooked in conventional recycling, which focuses mainly on bulk materials like
plastics and metals [140]. Advisory frameworks are emerging to strengthen circularity at both
product design and end-of-life stages, aiming for better material recovery and sustainability.
Reuse and recycling of end-of-use vehicles can result in savings of energy and materials; in ad-
dition, predictive models analyzing the reliability of a vehicle may contribute to cost-effective
and sustainable decision-making throughout its life cycle [141].

The ESG approach provides an important mechanism for aligning the practices and
strategies of corporations with social objectives. Through addressing environmental haz-
ards, encouraging transparency, and fostering accountability, ESG contributes to sound
corporate governance. In addition, it can help companies minimize their exposure to
regulatory, legal, and reputational risks [142]. Traditionally, ESG practices were voluntarily
adopted by firms. However, recent developments in regulation, particularly in Europe,
are moving towards standardizing ESG disclosures and ensuring corporate accountabil-
ity [143]. While there have been significant improvements in this area, obstacles still stand
in the way of implementing ESG policies and practices, especially in developing nations.
They include low-quality data availability, weak regulations, technological and financial
limitations, and the lack of integration of non-financial indicators. There are multiple
advantages to adopting ESG in business models including improved financing possibilities,
expanded markets, improved reputation, and more effective risk management [144]. The
integration of circular economy thinking in BEV development and life cycles becomes
crucial. Advancements in reusing, recycling and repurposing batteries can contribute to
the improvement of resource efficiency and sustainability [145].

5. Policy Gap on Automotive Circularity

The Indian government has been actively working towards promoting circular econ-
omy (CE) practices within the automotive sector, particularly focusing on electric vehicles
(EVs) and end-of-life vehicle (ELV) management. However, the transition towards a fully
circular model faces several challenges and requires comprehensive policy interventions.
Table 7 shows major Indian policies promoting electric mobility and circular economy
practices. The Faster Adoption and Manufacturing of (Hybrid &) Electric Vehicles (FAME)
Scheme and National Electric Mobility Mission Plan (NEMMP) drive EV adoption, while
Zero Defect Zero Effect (ZED), Make in India, and the Smart Cities Mission emphasize
sustainable manufacturing and urban infrastructure. Swachh Bharat and Scrappage Policy
enhance waste reduction and recycling. Bharat Stage standards and the Urban Transport
Policy reduce environmental impacts. Together, these form a broad framework balancing
industrial growth with environmental goals in India’s evolving electric vehicle landscape.
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The Indian government has been actively involved in promoting CE practices in the
automotive sector, especially with EVs and ELV management. Transitioning to a compre-
hensive circular framework, though, faces a plethora of challenges and requires holistic
policy interventions.

Table 7. Key national policies and initiatives supporting electric mobility and circular economy.

Policy/Initiative Description Citation

FAME Scheme Promqtes adoption of electric and hybrid vehicles through subsidies and [146]
incentives.

National Electric Mobility Promotes electric mobility to reduce greenhouse gas emissions and fossil [146]

Mission Plan (NEMMP) fuel use.

Make in Tndia En'cgurages local manufacturing, supporting CE principles and resource [147]
efficiency.

ZED Improves product quality while minimizing environmental impact. [147]

Sm [148] art Cities Mission Promotes sustainable urban development, efficient waste management, [147]
and resource use.

Swachh Bharat Abhiyan . . . . .

(Clean India Mission) Nationwide campaign for cleanliness, recycling, and waste management.  [147]

Bharat Stage Emission Regulates vehicle emissions to reduce air pollutants.

Standards

Draft National Urban Promotes sustainable, safe, and affordable mobility with biodiesel and [148]

Transport Policy green fuels.

5.1. Effectiveness and Challenges

EPR has certainly been a success story, especially in Europe, as it has facilitated recy-
cling and waste management system organizations. About 35% of electronic waste and 65%
of packaging waste are recycled or reused efficiently under EPR programs [149]. Germany is
especially noted to be a success story with EPR, simply because of state-of-the-art recycling
plants and technological support, although transparency is still a problem [150]. Secondly,
EPR has encouraged higher collection rates of waste and stabilization of waste management
systems, especially in the case of electronic waste Waste Electrical and Electronic Equipment
(WEEE) [151]. Nevertheless, there are some challenges in implementation. These include
ambiguous policy definitions, especially in the sphere of compulsory approval from urban
local authorities and the registration procedure for recyclers [152].

Another key weakness lies in the insufficient enforcement of individual producer
responsibility, which limits upstream measures like eco-design [151]. Legal ambiguities
surrounding EPR enforcement also pose risks to its overall impact [153]. The End-of-Life Ve-
hicle (ELV) Directive has been effective in countries like the UK and Sweden, where success
is attributed to strong collaboration among producers, coherent policy announcements, and
well-integrated policy tools. Nevertheless, success will highly depend on how the policy is
implemented at the country level. Merely adopting the policies without proper strategies of
implementation may not lead to the required results [154]. In India, the FAME-II strategy is
poised for encouraging sustainable mobility based on the principles of the circular economy.
While there is not much data about its circular economy impact, its focus on reduction in
emissions and resources can be noted. For the full potential of the policy to be realized,
proper evaluation frameworks and strategies are required [155].

LCA serves as one of the important methods of incorporating the circular economy into
the automobile industry. It involves assessment of the impact of the product throughout its
lifetime from raw materials extraction through manufacture, usage, and disposal which has
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been referred to as cradle to grave and cradle to cradle approaches [156,157]. Studies show
that up to 80% of energy consumption occurs during the vehicle use phase, underscoring
the importance of fuel efficiency and alternative fuels [158].

Figure 4 presents a modified sustainable life cycle model that integrates circularity
principles across raw material product use and end-of-life stages. It highlights the role of
policies regarding energy efficiency and reuse strategies in reducing waste and promoting
decarbonized automotive systems.

Regulations and Policies
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Figure 4. Car circular life cycle model.

In the same way, energy-consuming procedures, such as car painting, have to be
optimized in order to decrease their negative impact on the environment. The importance of
recycling and reusing (LIBs) is highlighted in order to lessen the burden on the environment
and promote circular economy [145,159]. The use of LCAs in analyzing such processes can
contribute to better decisions about products and systems. Meanwhile combining LCAs
with system dynamics and artificial intelligence-based modeling allows for the assessment
of the sustainability of electric vehicle adoption and their life cycles [160]. However,
challenges remain, including data inconsistencies, lack of standardized methodologies, and
limited integration of socio-economic variables [161,162].

5.2. Suggestions and Recommendations

There are several common barriers that affect the successful implementation of CE
policies in India. First, there are no clearly defined policies for CE with conflicting mandates
and ambiguous responsibility [152]. Second, the economic viability of CE policies and
financial incentives for producers and recyclers and recycling funds are either inadequate
or misallocate [155]. In addition, there is limited involvement of stakeholders in developing
collaborative CE policy implementation [152]. Among the possible solutions to overcome
the existing problems is policy harmonization, especially in regard to EPR frameworks at
the European Union (EU) level [150]. Informal recyclers can be integrated into the formal
economy, and deposit-refund schemes can encourage proper disposal and recycling of
goods [163]. Several initiatives have been taken by the Indian government to promote
EVs and reduce CO, emissions, such as the National Electric Mobility Mission Plan 2020
(NEMMP 2020) and Faster Adoption and Manufacturing of (Hybrid &) Electric Vehicles
in India (FAME I&II). Still, lack of subsidies, poor policy planning, and absence of an
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EV policy have stalled the process [164]. End-of-life vehicles (ELVs) play a crucial role in
achieving the circularity of automotive products. Hence, the Indian government seeks to
set up an organized framework of dismantling units, recycling facilities, and a fund man-
agement board. With the number of ELVs projected to increase from 8.7 million in 2015 to
21.8 million in 2025, recycling and remanufacturing systems will become imperative [165].

The framework would improve resource recovery and prevent environmental con-
tamination. However, the application of CE activities in the Indian automobile industry,
encounters challenges such as the lack of access to quality remanufactured items, infras-
tructure inadequacies, and consumer ignorance [166]. Moreover, there is uncertainty about
the cost of EV charging infrastructure, mainly due to unclear roles and duties among
different ministries. Countries such as China and Norway have managed to increase the
uptake of electric cars through policy formulation and strong incentives. India needs an
appropriate policy approach. Firstly, the nation must formulate an integrated national
EV policy that would guide regulation, finance and investments in the EV sector [164].
Secondly, substantial investment in charging facilities needs to be provided, which would
facilitate the adoption of electric vehicles in urban and rural areas. Thirdly, the provision
of consumer education on environmental and economic benefits of using electric vehicles
and adopting CE practices would be vital [167]. Through implementation of these policy
pathways, a synergy would emerge, leading to quick transformation of India into a circular
and low-carbon economy. Attention should be paid to the informal roadside dismantlers
and small-medium enterprises since these players account for a considerable portion of the
ELVs dismantled. Through formalization, these entities need to be incorporated into the
CE process in phases. By registering, it will be easier to know which players are actively
involved in the dismantling process and, thus, eliminate the compliance burden. Basic
safety education and dismantling standards at reduced costs would help to minimize un-
safe practice. Informal dismantlers may be encouraged to sell their materials to authorized
recycling centers through buy-back facilities.

Recent 2025 policy developments show that automotive circularity in India is moving
toward stronger traceability, producer responsibility, and sustainability disclosure. The
Environment Protection ELVs Rules, 2025 introduced EPR-based obligations for vehicle
producers and annual scrapping targets from 2025 to 2026. The rules also require Registered
Vehicle Scrapping Facilities (RVSFs) to carry out treatment, depollution, dismantling,
segregation and scrapping of ELVs and to route recovered materials to registered recyclers,
refurbishers or co-processors. As of January 2025, 84 RVSFs were operational in India,
which shows progress but also indicates the need to scale formal scrapping infrastructure.
In parallel, Securities and Exchange Board of India (SEBI’s) 2025 Business Responsibility
and Sustainability Report (BRSR)-related circular introduced green credit disclosure from
FY 2024-2025 and made value-chain ESG disclosure voluntary for the top 250 listed entities
from FY 2025 to 26, with voluntary assessment or assurance from FY 2026 to 27. Therefore,
future policy should integrate ELV traceability, BRSR-linked circularity reporting, material
recovery disclosure, informal recycler inclusion, and SME-level compliance support within
a unified digital monitoring system. This would improve accountability across formal and
informal actors and support a more measurable circular economy transition in the Indian
automotive sector.

Formal-Informal Integration in ELV Recycling

Formal-informal integration is a critical issue in India’s ELV recycling system because
roadside dismantlers still control a large part of vehicle collection, parts recovery, and local
repair-linked material circulation. The formal system is now expanding through the Vehicle
Scrapping Policy, the Motor Vehicles Rules for Registered Vehicle Scrapping Facilities and
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the ELV Rules 2025. As per Press Information Bureau (PIB), 84 RVSFs were operational in
India in January 2025 and RVSFs are required to follow proper depollution, dismantling,
segregation, scrapping, and transfer of recovered materials to registered recyclers or re-
furbishers. This improves traceability, safety, and environmental compliance. The year
range has been revised to “2014-2015". However, the informal sector remains competitive
because it provides fast cash recovery, low-cost dismantling, local spare part reuse and
strong access to old vehicles. This creates tension between formal recyclers and informal
dismantlers. Formal facilities face high compliance cost, land and equipment requirements,
documentation burden, and lower material inflow. Informal actors face weak access to
registration, training, finance, safety systems, and digital reporting. The main policy barrier
is that formalization pathways are still difficult for small dismantlers because compliance
systems are designed mainly for organized RVSF operators. Therefore, India should not
treat informal actors only as a problem. They can be integrated as registered collection
agents, pre-dismantling partners, spare-part recovery units and material aggregators linked
with RVSFs. Training, safety certification, buy-back agreements, shared collection points,
digital tracking, and simplified compliance support can reduce leakage while protecting
livelihoods. Hence, India’s ELV circularity will depend on both Original Equipment Manu-
facturer (OEM)-led formal infrastructure and structured inclusion of informal dismantlers
into the regulated recycling chain.

5.3. Policy Implication

Transitioning to a circular economy (CE) in India’s automotive sector is extremely
profitable economically. CE-based business models create employment opportunities in
recycling, remanufacturing, and repair, which results in new jobs and inclusive economic
growth [168,169]. With enhanced efficiency in the use of resources and reduced waste, CE
strategies meet India’s sustainable development goals and realizes long-term economic
growth [168,170]. CE practices also enhance Indian automobile manufacturers’ global com-
petitiveness by optimizing production processes, reducing material costs, and maximizing
the overall efficiency of resource utilization [166,171]. From an environmental perspective,
CE activities significantly reduce the environmental footprint of the automobile industry.
CE activities avoid waste generation by recycling, reuse, and remanufacturing of automo-
tive components, thereby avoiding environmental damage [34,169,172]. CE also assists
in enhanced resource efficiency through reduced use of virgin sources of material and
reduced resource exploitation [168,169,173]. Cleaner technologies and cleaner production
techniques also provide improved control over pollution and reduced emissions in the
product life cycle [146,174].

In spite of the presence of these advantages, some barriers hindering the extensive
application of CE in India exist. Technological barriers, such as limited access to improved
technologies and a shortage of skills, are the primary hindrance to implementation. Ex-
orbitant initial investment costs and risks and limited finance deter organizations from
adopting circular strategies [175-177]. Gaps created by regulations and policies also hinder
official integration of CE principles into the automotive value chain [175,177]. To address
these challenges, various policy interventions are proposed. Providing financial incentives
in the form of tax relief and subsidies can induce greater business engagement in CE
programs [146]. At the same time, greater investment in R&D can enable the development
of new technologies and scalable CE processes [171]. There is also a need for a supportive
regulatory regime one that regulates CE practices and places recyclable standards upon
recycling, resource recovery, and waste management [146,178].
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5.4. Discussion

The interview evidence supports the DMR-based findings of this study. Most respon-
dents indicated that circular economy adoption in India is mainly shaped by regulatory
pressure, ESG expectations, cost reduction, and material security. These drivers are closely
linked with material concerns such as ELV recovery, recycled material use, battery reuse,
repair, traceability, and life cycle efficiency. OEMs and Tier-1 suppliers mainly focus on
recycling, material efficiency, supplier compliance, and reporting. Dealers and informal
actors contribute more directly to repair, reuse, and component recovery. This indicates
that recycling continues to dominate the scene, while re-manufacturing and certified reuse
remain nascent. From interviews, it is apparent that there is a clear disparity between
formal and informal processes. The informal dismantlers and repairers are critical in the
process of ELVs dismantling and spare parts recycling. However, their operation is linked
to formal ESG and regulatory systems. RVSFs have well-defined disassembly and reporting
procedures; however, low inflow levels limit their impact, leading to disparities between
reports and material flow. Another issue that respondents indicated is weak policy integra-
tion. Policies such as EPR, ELV, BRSR, and FAME contribute to circularity; however, their
linkages within the whole life cycle of vehicles are limited. Lack of data, limited tracing,
costliness, and lack of standardized metrics are among the main barriers to achieving full
integration. Digital technologies like digital product passports, block chain, telematics, and
artificial intelligence could help solve some of these issues. Overall, the interviews confirm
that India’s automotive circular economy is active but fragmented. This supports the need
for the DMR framework to connect drivers, material issues, and firm responses.

The comparative evidence shows in Table 8 that previous studies mainly focus on global
CE strategies, ELV systems, remanufacturing, circularity indicators, plastics recycling, Life
Cycle Assessment (LCA) metrics or Industry 4.0 applications. Most studies are either global,
EU-specific, or technology-specific and only limited attention is given to India’s mixed formal
and informal automotive circularity system. Existing reviews also discuss drivers, barriers,
and outcomes separately. The present study extends this literature by linking policy drivers,
materiality concerns, and firm-level responses through the DMR framework in the Indian
automotive context. This makes the contribution more specific to India’s CE transition, ELV
formalization, remanufacturing gaps, and policy-industry alignment.

Table 8. Comparative analysis of automotive circular economy studies.

Scope Objective Method Key Findings Limitations Ref.
Global EV and . .
Commercial Identify CE trends ~ PRISMA SLR Multiple CE No unified CE [179]
. strategies identified ~ evaluation
Vehicle (CV)
Automobile CE Assess CE impacts  SLR of 192 studies CE shows positive L}mlted. social [180]
outcomes outcomes dimension
Automotive CE Map CE . . CI.E linked mainly Limited empirical
. . Literature review with low-grade 1. [173]
practices understanding ) validation
recycling
Preferred Reporting Items for
Systematic Reviews and
Global ELV Map ELV Meta-Analyses (PRISMA) .Ten b.o jttlenecks ELV-specific focus  [30]
systems bottlenecks L . identified
Systematic Literature Review
(SLR)
ELV Build conceptual . Four thgmes and No operational
. Content analysis three drivers el [181]
remanufacturing model validation

identified
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Table 8. Cont.

Scope Objective Method Key Findings Limitations Ref.

Global automotive Descrll?e CE Conceptual analysis Highlights policy ngh—leyel [18]

CE strategies and case examples discussion

Autoryotwe CE Identify barriers SIR CE adoption remains Lm.uted regional [174]

adoption fragmented insight

EU automotive Identify policy Interviews and supply chain 15 barriers and 8 EU and plastics [182]

plastics options analysis drivers mapped specific

EU, Japan, . . .

Australia, United Assess E Lv CE indicators Clrcule(l)rlty gamn up Indicator focused [21]
regulation t0 17.3%

States(US)

Automotlve Identify CE KPIs EU project output KPI set proposed Not a review [183]

industry

Top 10 OEMs Assess digital CE Descriptive analysis E;;E;ldanty remaims Reporting bias [90]
Build CE BEVs reduce

US automotive Framework and LCA non-renewable US specific [184]
framework o

energy by 47%
Indian automotive  Evaluate CE using  Qualitative multiple-case Links .drly ers Secondary data Present
. material issues, and L.
sector DMR analysis limitation study

firm responses

6. Conclusions

This study concludes that circular economy transition in the Indian automotive sector
is a life cycle governance challenge. It is not limited to firm-level sustainability actions. The
DMR framework shows how policy drivers, materiality concerns and firm responses are
connected across decarbonization, material circularity, utilization, and longevity. The findings
show progress among leading Indian automotive firms in EV adoption, renewable energy
use, zero-waste manufacturing, battery reuse, ELV recovery, telematics, and certified life cycle
services. However, this progress is uneven. Large OEMs show stronger circularity responses,
while downstream systems remain weaker. Informal dismantling, weak traceability, limited
remanufacturing, and fragmented reverse logistics still reduce material recovery. Therefore, the
findings should be read as evidence from selected leading cases. They should not be treated as
a complete representation of the whole Indian automotive sector. Expert interviews and source
triangulation improved the reliability of interpretation. Still, wider primary data is needed in
future studies. Policy action should now move from broad scrappage promotion to targeted
circularity enforcement. India’s ELV Rules 2025 provide an important step through EPR-based
annual scrapping targets from FY 2025 to 2026.

The formal RVSF system also supports scientific depollution, dismantling and material
transfer. These measures should be linked more strongly with fitness testing, deregistration,
insurance renewal, resale transfer and verified RVSF routing. Informal dismantlers should
be included through registration, training, safety certification, and aggregator linkage with
RVSFs. Digital product passports can further improve traceability by recording vehicle
identity, material composition, repair history, battery health, dismantling status, and recy-
cling destination. Such digital records can reduce leakage, support EPR verification and
improve recovery of steel, aluminum, plastics, tires, batteries, and critical minerals. The
expert interviews strengthened the reliability of the study by confirming the gap between
reported circularity and actual material flows. They also showed that informal actors,
RVSFs, suppliers and OEM functions play different roles in India’s circular economy transi-
tion. Future research should expand this primary evidence through a larger respondent
base and more region-specific field validation. Hence, India’s automotive circularity needs
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formal infrastructure, informal sector inclusion, producer responsibility, and digital life
cycle traceability.

Future Direction

Development of CE practices in the Indian automotive sector requires a research-
based, systematic roadmap. It requires technological, regulatory, economic, and social
domains. Technological innovation and development are one of the most vital do-
mains for future research. Embracing digital technologies such as blockchain, IoT, and
Al can improve tracing of materials, improve efficiency in resource utilization, and
improve information exchange along the automotive value chain [185]. Research elab-
oration on advanced recycling technologies such as bio-metallurgical processes and
direct physical recycling is required for environmentally sustainable management of
ELVs and lithium-ion batteries [186,187]. Benchmarking CE performance across indus-
tries can provide useful information to utilize resources to the fullest and minimize
environmental footprint [188].

Policy and regulatory frameworks remain a basis for CE development. Future research
needs to be geared toward the formulation of strong legislation acts that allow for effective
waste management, recycling mandates, and CE compliance enforcement [175]. As impor-
tant is the development of incentive systems such as tax credits, rebates, and subsidies to
stimulate business participation through CE activities [28,189]. Another necessary area of
inquiry is the quantification of CE’s fiscal and environmental paybacks. In-depth analyses are
required to quantify job creation, cost savings, and investment opportunities that result from
CE implementation [168,170]. At the same time, research needs to quantify the effectiveness
of CE interventions in terms of carbon emissions reduced, waste reduced, and raw material
saved [166]. Consciousness of challenges and hindrances also plays a critical role in strategic CE
implementation. Technological constraints such as access to infrastructure and advanced recy-
cling technology need to be addressed through targeted innovation policies [28,177]. Financial
constraints can also be addressed through specialized funding systems and risk reduction poli-
cies. Moreover, enhancing CE awareness and technical literacy among stakeholders through
capacity-building training and education programs is needed [175].

Supply chain sustainability is another area of research. Studies need to examine the
application of CE principles to procurement, manufacturing, and logistics with focus on
material loop closure [120,187]. Efficient ELV management systems like reuse, remanufac-
turing, and safe disposal also require systematic evaluation [189].
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GHG Greenhouse Gas
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FAME Faster Adoption and Manufacturing of Electric Vehicles
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Appendix A
Table Al. Data Source.
S?sili((::itl'ee: Report Year Assured by
GROWING BSR & Co. Limited.
RESPONSIBLY—79th Liability Partnership
Tata Motors 2024  (LLP); KPMG Assurance
Integrated Annual Report ) .
20232024 and Consulting Services
LLP
. Planet Det Norske Veritas (DNV)
Mahindra and 1 o . .
Mahindra Limited Positive—Sustainability 2024 Bu.smess Agsurance India
Report 2023-2024 Private Limited
Road to DNV'; Lloyd’s Register
Hyundai Motors Sustainability—2024 2024 Quality .Assurance
Sustainability Report (LRQA)’ independent
auditors
Maruti Suzuki Annual Integrated 2024 DNV Business Assurance
Limited Report—2023-2024 India Private Limited
Toyota Kirloskar L RINA SERVICES Societa
M(})]tors Pvt. Ltd. Sustainability Report 2024 per Azioni (S.p.A.)
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Appendix B

Table A2. Semi-structured interview and respondent profile.

Section Details
Studv title Advancing the Circular Economy in the Indian Automotive
y Sector through a DMR-Based Analysis.
To validate secondary findings and examine practical circular
Purpose - L . .
economy implementation in the Indian automotive sector.
Respondents 10 industry experts.

Expert domains

Manufacturing, recycling, repair, remanufacturing, ELV
management, ESG practice, and policy-linked practice.

Participant details ~ Name, designation, organization, industry segment, years of

collected

experience, and email /contact.

Consent statement  Responses may be used for academic research in summarized form.

Confidentiality No confidential company data were requested.

Table A3. Semi-structured interview questions.

No.

Interview Question

1

What are the main circular economy practices followed in your automotive
industry segment?

Which pathway is most active in your work area: recycling, reuse,
remanufacturing, repair, or ELV management?

What are the main policy-, market-, or material-related drivers pushing
circular economy adoption in India?

How do EPR, ELV rules, BRSR, ESG disclosure, and FAME-related policies
influence circular economy practices?

What are the main barriers to circular economy implementation in India’s
automotive value chain?

How important are informal dismantlers, small recyclers, and repair
networks in ELV processing?

What challenges limit the formalization of informal dismantling, repair, and
recycling systems?

How reliable are corporate sustainability reports for assessing actual
circular economy practices?

What evidence should be used to verify firm-level circular economy claims?

10

What is the present status of remanufacturing and certified reuse in India’s
automotive sector?

11

How can digital tools such as digital product passport, blockchain,
telematics, or Al improve circular economy traceability?

12

What policy or industry actions are most needed to improve automotive
circularity in India?
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