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Abstract

Drastically cutting carbon footprints to reduce global warming is a universal norm at present, in
keeping with the United Nation’s Convention on Climate Change 2015. Fitting in appropriately with
this theme is the global proliferation of Electric Vehicles (EVs), gradually replacing the Internal
Combustion Engines (ICE) automobiles. India (Niti Aayog) has also given a determined call for ‘only
EV’ on road by 2030. Electric two-wheelers (E2Ws) with 80% market share will lead this transition in
this country. To meet sustainability and environmental norms, this needs not only appropriate
production standards but also sustainable supply chain management (SSCM) in the Indian E2W
(IE2W) industry integrating environmental, economic and social issues. There is also a need to ensure
that the battery supply chain (one of the grey areas of the industry with regard to environmental
concerns) follows circularity and sustainability principles. With Al having come into play in industry
and manufacturing, it would obviously influence circular economy (CE) and sustainability concerns
in the IE2W space too. This review aims at analysing how the IE2W industry can hugely benefit from
Al in enhancing its contribution to the circular economy and sustainability. The IE2W market is still
in its infancy, thereby underscoring the importance of this paper in highlighting strengths and
opportunities even as we look at the challenges ahead. This will impact how the Indian EV industry,
in general, exploits Al, thereby enhancing value for industries, governments, the public and the
environment.

Keywords: Artificial Intelligence (Al); circular economy; supply chain management; sustainability;
electric vehicles (EV); electric two wheelers (E2W); waste management

1. Introduction

Technological progress in the world has been most conspicuously led by the giant strides in
artificial intelligence (Al) in the recent past, whose capabilities are expanding in an exponential
manner to find applicability in all facets of life and business. The manufacturing and automobile
industry have been revolutionised by Al-powered robotics amongst other applications. The auto
industry has immensely gained from Al (largely positive, though some negative like adverse job
security) and its impact will continue to grow in the years ahead. Essentially, the electric vehicles
(EV) industry is a step ahead of the conventional auto industry in terms of technology absorption and
accordingly, AI will be sought to be used to the hilt, to render processes efficient, smoothen logistics,
the supply chain, vendor management, and of course, improve the customer experience by offering
better and technologically superior products with the best service support.

A logical question then is on how significant the influence of Al on sustainability in the EV
industry (and for the purposes of this study, the IE2W industry), is. For the past decade and more,
the world has had an increased focus on environmental and sustainability concerns. Governments
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and industries have had to ensure that these concerns are suitably addressed in their manufacturing,
processes and products. Al will expectedly, address these concerns.

While we have conventions like the United Nations” on Climate Change 2015 [1], making it
imperative for countries to reduce their carbon footprint, we also have countries having their own
regulations for this, like the European Union (EU) “Fit for 55” (to reduce net greenhouse emissions
by 55% by 2030), and the United States (US) EV target of 50 percent by 2030 [2].

India is the second top net crude oil (including products) importer (85-88% of its oil needs),
having imported 205.3 MT in 2019 [3-6]. This, has a negative impact on geopolitical resilience and
self-sufficiency [7]. Adoption of EVs is expected to significantly usher in adoption of a circular
economy especially in the IE2W industry. This is in conjunction with government regulations and
policies gently nudging industry to adopt green norms, like FAME (Faster Adoption and
Manufacture of Hybrid and Electric Vehicles scheme 2015), FAME II scheme [8], and Government of
India (Gol) target of 'E-Vehicles Only' on the roads by 2030 [9,10]. The India EV market value of $54.41
billion in 2025, could ascend to $110.7 billion by 2029, a compounded annual growth rate (CAGR) of
19.44% over 2025-2029 [11]. Electric bikes and scooters are expected to exponentially grow in sales
[12], with Indian penchant for two-wheelers (2W) and three-wheelers (3W) rather than four-
wheelers/cars (4W) [13]. E2W market CAGR of 29.07% will lead to $1.3 billion in sales by 2028 [14].
Dynamic government policies should keep up with this [15,16].

India with 14 of the 20 most-polluted cities in the world, which includes six of the 10 most
polluted cities in the world [17,18], needs to give environmental issues the centre-stage. Fatalities of
12.5 lakh people annually stem from this and hence calls for expeditious resolution [19]. In India
(world’s 3 largest auto market) [20], 2Ws account for 75.5% of the annual total production of 28.4
million [21]. In FY 2023-24, 2W sales increased to 1.80 crore (cr) units (from 1.59 cr in FY 2022-23) [21].
Indian 2Ws account for over 20% of the total CO:2 emissions and about 30% of urban particulate
emissions (PM2.5) [22]. Indian 2Ws cover a daily average of 27-33 km (maximum 86 km), covering
8,800 km annually on an average [23-25]. As such, pollution estimation cannot ignore 2Ws. IE2W
production should be stepped up to exploit the benefits of reduced pollution and other technological
benefits [26]. Also, while existing EV 4W companies are retrofitting current ICE models with electric
drive-chains, IE2W is going about manufacturing from scratch, that gives them a heads-up on a
circular economy (CE) and sustainability.

Itis largely understood that the battery supply chain is one of the grey areas of the IE2W industry
with regard to environmental concerns, as with any EV industry, which needs mitigations by
following the principles of circularity and sustainability. Al has become crucial in boosting
manufacturing competitiveness in the automobile industry, and with the entire automobile industry
gravitating towards EVs, the IE2W industry too will be a beneficiary of the gifts of Al significantly.

2. Significance of the Study

This review aims at analysing the extent to which the IE2W industry will benefit from Al in
enhancing its contribution to CE and sustainability. The IE2W industry market is still in its infancy,
and this paper would highlight the path forward in exploiting Al, thereby enhancing value for said
industry, government, the public and the environment. The paper will scrutinise literature available
on EV adoption barriers, government role through regulations and norms, sustainability, sustainable
supply chain management (SSCM), green supply chain management (GSCM), and waste
management, in the context of Al and its applicability for the IE2W industry.

To summarise how Al can benefit the CE and sustainability efforts of the Indian EV (IEV)/ IE2W
industry, the following outcomes are expected:

e  highlighting the positive effects of Al-driven technology incorporation into this space, to the
extent it aids vendor partnerships, supply chain management, and increases the sustainability
of the industry, to meet the government’s environmental targets and stipulations;

e  bringing awareness into the negative aspects of Al to avoid its pitfalls;
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° drawing interrelationship between Al, the CE, sustainability, the IE2W industry and green
innovation;

e  assessing Gol and state support for Al in the IE2W industry and their impact;

e  aligning the IE2W industry and its operations with the added incorporation of Al to enhance
the circular economy;

e laying the foundation for research on differing variables like Al-driven technology, human
aspect, investment, operations, vis-a-vis IE2W performance;

e  creating awareness on IE2W opportunities for Al applications and to find solutions for supply
chain challenges therein;

e academia collaboration for R&D on Al-absorption in IEV/ IE2W industry to promote
sustainability;

e and, to help watchers of not only IE2W industry but also other industries at large to overcome
a range of challenges pertaining to supply chain management, vendor partnerships,
innovations, consumer experience, waste management, pollution control, profitability,
competitiveness, flexibility, quality etc through suitable application of Al-driven technology,

tools and systems.

3. Sources and Classification of Literature

In order to obtain a literary overview to understand the existing material on the subject as well
as to identify gaps which would set the path for future research, over 538 numbers of different types
of material as given in the table below, were perused (not all of it quoted as references in this study).

Table 1. Material types distribution.

Type of material Numbers

Journal Article 415
Report 44
Book 25
Conference Paper 16
Web Page 12
Newspaper Article 7
Chapter 5
Symposium 5
Magazine Article 4
Newspaper 2
Working Paper 1
Research Paper 1
Thesis 1
Grand Total 538
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Table 2. Material year-wise breakdown.

Year Material ~ Percentage of
count total
2025 98 18.22
2024 75 13.94
2023 79 14.68
2022 81 15.06
2021 56 10.41
2020 40 743
2019 23 4.28
2018 19 3.53
2017 14 2.60
2016 & prior 53 9.85
Total 538 100

These included topics (apart from Al in general and Al in automobile industry in particular) like
sustainability, SSCM, GSCM, vendor collaborations or strategic partnerships, automobiles,
automobile engineering and EVs. Prominent publishers like Elsevier, Emerald Insight, Springer,
Wiley, SAGE, MDPI, and Taylor & Francis were referred to. Relevant material in Government
websites and leading national newspapers has been gone through. String searches employing filters
and keywords, back-ward and forward searches in order to identify the relevant literature on the
subjects already mentioned, were carried out.

The various topics on which the references were studied are given in the table below.

Table 3. Subject-wise distribution of perused material.

2
3 2 e
Q = - ~ —
| g F < 8 & | =
Subject | E| S| 8| % £ | E & | F
b B2 2 BB Ll gl 8] L] E] B S
Sl 8| 5| 8| &| B 5| 5| 8lael =3z
S 55| 8| &l 5| 5| 5| 8| E|28|8|3)|¢
m | Ol o | 8|5l z|lz|g| | FIE]Z]Z2]O0
Adoption, Barriers, Purchase
Behaviour & Indian Market 5 49 3 17 2 1 77
Al, Blockchain,
Industry/Logistics 5.0/4.0 3 1] 39 1 2 3 6 55
Battery Supply Chain 2 1 30 1 9 1 44
Bibliometric Analysis 2 2
Charging infrastructure 2 6 1 9
Circular Economy 1] 25 1 5 1 4 37
Consumer Satisfaction: EVs 2 2
Environment & Sustainability in
EVs 2 1 2 27 4 1 37
EV Tech & Future Trends 1 3 4
Geopolitics, Rare minerals 19 3 1 23
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Govt Policy & Economics 1] 33 2 1 1 38
Green Energy 1 21 1 3 1 27
Green Manufacturing 1 2 3 3 9
Green SCM 1 1] 15 17
Industry-Academia 1 1
Innovation 2 1 3
Misc/ Management/ Marketing 1 3 4
MSME 1 1
Outsourcing in Auto Industry 9 9
Profitability & Competitiveness 1| 17 18
Quality in EVs 1 1
Research Methodology 3 1 4
SCM 1 10 11
Skill Development and Training 1 1
Social Aspects of Sustainability 17 17
SSCM 1 1 1| 36 39
Top Management 1 1
Vendor Management & Supplier

Collaborations 2| 38 1 41
VMI 2 2
Waste Management & Pollution

Control 4 4
Grand Total 25 5| 16 | 415 4 2 7| 44 1 5 1| 12 1| 538

The findings are enumerated in the ensuing paragraphs, and will cover the IE2W industry and
sustainability; IE2W in the CE; Al in the CE of the IE2W industry; challenges, opportunities and
recommendations for Al in CE of IE2W; the identified gaps and setting up a conceptual framework;
and, exploration of scope and potential for future research.

4. The IE2W Industry and Sustainability

4.1. How Green Are EVs?

EVs and E2Ws, due to their very nature, are understood to be green and environment-friendly,
but the following bear relevance:

e  Components manufacturing may utilise non-green technologies and processes [27-30].

e  Raw materials/ minerals used in batteries, like lithium, are dependent on the mining industry
which has a negative impact on the environment. The inherent significant geopolitical
dynamics also bear mention [31-35]. Boateng & Klopp (2024) explore the transition to EVs with
respect to its impact on the mineral supply chain, while Cheng et al. (2024) focus on the
emergent problems due to the concentration of rare earths and minerals in selected countries.

o  The electricity used for EV may come from coal-fired power plants or through other non-green
technologies [38-40].

ICE vehicles will continue to be used till its end-of-lifecycle (EoL), and as such, EVs in the near
future will not be able to replace ICE fully. There are also the issues of barriers to EV adoption like
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range anxiety [10,41,42], safety aspects (batteries’ fire hazard) [43], not-yet-matured service support,
inadequacy of charging infrastructure etc. Further, some players in the automobile industry are
looking ahead at solar power or hydrogen as a propulsion source, and this discourages their whole-
hearted shift to EVs [44].

4.2 Battery Environmental Issues and Potential for Recycling

Battery waste management (e-waste) [45—47] and recycling can boost the circular economy, and,
in the process, promoting sustainability and reducing reliance on rare earths and minerals [37,48-50].

The rapid proliferation of EVs raises the challenge of managing EoL EV batteries (EoLEVB).
Batteries” second-life potential [51,52], and reverse supply chain [53] can help. Lithium-ion batteries
(LIBs) contain hazardous materials that cause environmental and health risks unless properly
disposed, and hence recycling is a viable option. While quantum of EV battery waste by 2030 is
difficult to determine, its exponential growth is certain. Indian EV battery waste data year-wise from
2020 onwards is not accurately determinable, mostly since it is dominated by the informal sector and
proper safeguards do not exist. To cite an example, as of 2020, a mere 10% of the total 70-90% collected
retired batteries in India, were done by formal waste management entities. Improper disposal often
leads to severe soil/ water contamination through toxic leaching. Ironically the government’s 18%
GST on retired batteries in the formal sector has remain unchanged even after the reduced GST norms
of the Indian government with effect from 22 Sep. 25. This incentivises non-compliance, which leads
to black mass export (battery anode and cathode remnants) causing loss of precious minerals and
material. From Oct 2022 to Sep 2023, black mass export in India totalled approx. 350 tonnes of cobalt,
71.7 tonnes of lithium, and 215 tonnes of nickel [54].

At present, India recycles <5% of its LIBs formally [45]. In spite of an estimated recycling capacity
of approx. 83 kilotons per annum (KTPA), 95% of used batteries were handled by the informal sector,
or ended up in landfills [55]. Some companies however have made notable strides including Tata
Chemical's battery recycling plant (2019) [56], Attero’s facility in Telangana [57], Lohum Cleantech
Private Limited (India's first integrated used LIB treatment facility, with a 2 GWh recycling and 300
MWh repurposing capacity) [58], and, BatX Energies (recycling target approx. 1 billion LIBs from
2022-2025, with production of 15 KTPA of black mass from input of 30,000 metric tons of batteries)
[59]. These initiatives will inspire IE2W industry to follow suit.

India's Battery Waste Management Rules (BWMR) 2022 [60], seeks to increase recycling and
material recovery, setting progressive collection targets up to 70%, and material recovery: beginning
at 5% for FY 2027-28, 10% by FY 2028-29, 15% by FY 2029-30, and 20% by 2030-31 and onwards [60].
Automobile industry’s internal goals of 95% recycling by 2030 are also noteworthy [61]. Odisha has
set a target of 100% recycling for LIB waste by 2030, which will inspire other states to announce
similar initiatives [62]. NITI Aayog’s key projections [63]:

e India's LIB storage requirement estimated at 600 GWh from 2021 to 2030 (only 128 GWh
recyclable by 2030; only 58-59 GWh from EV; total 349,000 tonnes).

e  NITI Aayog (2024) estimates for LIB waste vary from approx. 2 lakh tonnes to 2 million metric
tons by 2030, also projecting annual battery retirement of 3-16 GWh from EVs by 2030 [64].

e  Confederation of Indian Industry (CII) (2022) projects that approx. 72-81 GWh of waste
batteries (447-517000 tons), would be recycled from 2022 to 2030. By 2030, EV batteries will
overtake consumer electronics as source of waste [65].

° Other industry reports estimate India's LIB waste from 12,000 (2020) to almost 50,000 metric
tons (2025), projecting increase of battery waste 6x by 2040 and 10x by 2050 [66].

4.3. Vendor Management Issues

Various challenges exist in the setting up of a proper SSCM for Indian automobile/ IEV/ IE2W
industry which need to be resolved [67-69]. Concepts like green logistics, reverse logistics etc [70,71]
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could find favour. Studies on SSCM in Indian automotive industry, from multiple stakeholders’
views [72,73]; factors that warrant sustainability in this competitive industry [74]; automotive SSCM
in the context of the circular economy, setting up a strategic framework [75,76], have been ascertained.
Vendor management challenges and opportunities, resilience and strategy, in the transition to EVs
have been covered [77,78]. Sustainability challenges in the EV battery value chain like resource
sufficiency, geographical distribution, regulations, policy etc [77,79] reveal that demand for lithium,
cobalt, nickel and graphite will go up 26x, 6x, 12x and 9x respectively in the period from 2021 to 2050.
IE2W manufacturers need to work collaboratively with vendors in to ensure SSCM in production ab
initio to meet global environmental norms. Outsourcing is an important aspect of vendor
management which needs to be gone into holistically to improve the performance of the IEV/ IE2W
industries [80-86].

5. The Circular Economy in IE2W

5.1. The Circular Economy (CE)

The CE is an economic model seeking to change the traditional "take-make-waste" linear
economy [87], by eliminating waste and pollution, retaining products and materials in use, and
regenerating natural systems. It is not merely a recycling effort, and is a paradigm shift in designing,
producing how we design, produce, and consume goods. It focuses on closing material loops and
decoupling economic growth from the consumption of finite resources [88]. Through the years the
concept of CE has gained currency and continuously refined in its understanding by some prominent
academics, thought leaders and businesses [89-93]. These principles are reinforced by the 3Rs
(reduce, reuse, recycle) and strategies to refurbish, remanufacture, and repurpose ([88]. Digital
technologies could be used to advance CE practices [94]. For countries to build their CE is a worthy
objective in the present-day world bent on achieving environmental goals [95].

CE is a perfect candidate for the introduction of Al to smoothen out the challenges. Al could and
is finding use in all aspects of the CE from using green raw materials, producing products in a green
manner, ensuring highest standards of service so that the longevity of the product is assured,
ensuring its collection at EoL, and then subjecting it to the 3Rs. CE and sustainability are intertwined
and cannot be seen in isolation [87,96-98].

Recycle, - ‘ Green

Reuse,

Repurpose products
Take & .
Produce Sell & Use Dispose
Collection Green 1 1 ‘
@EolL manufacture

Service
enhancements

Figure 1. The CE (Left) & Linear Economy (Right) [Source: Authors].

5.2. Green SCM & Green Manufacturing
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The automotive industry in general and specifically the IEV/ IE2W industry in India, like any
other industry, needs to incorporate green innovation and the CE in order to ensure sustainability
and sustainable development [99,100]. The impact of green innovation [101] and CE [102] would see
decreased resource usage and thereby pollution, enhanced efficiency, new market opportunities and
profitability. This is where Green SCM (GSCM) comes into play, as a concept which is alternate but
not entirely different from SSCM [103,104], showing that environmental factors significantly impact
overall performance and organizational profitability.

GSCM implies that all stages of the supply chain including green design, suppliers, purchase,
manufacturing, packaging, warehousing, transportation and even customers, are entirely green.
Green behaviour would relate to the enhanced efficiency of energy utilisation and reduction in
consumption [105,106]. Environmental management vis-a-vis supply chain capabilities in the Indian
automobile sector [104,107]; correlation of sustainable manufacturing and green human resources
[108]; and, green manufacturing and innovation with regard to its effect on sustainability, have been
examined [109]. This kind of empirical material of GSCM in the Indian automobile industry [110] is
obviously relevant to the IE2W industry since most supply chain aspects and logistics would be
common.

Industries attempting to implement green manufacturing significantly contribute to the
greening of the Indian economy [111]. There is a need for them to follow norms in compliance of
governmental regulations, establish environment-compliant processes, and adopt new technologies
to promote performance and competitiveness [100].

o
Purchase & Green Design

&\

Green Supply

/

Green

Transport. and Suppliers
Green Green
Warehousing 7 Manufacturing

\ P
.'\. 3 y
~ Green
. Packaging

A

Figure 2. Green SCM in IE2W industry [Source: Authors].

It has been shown through research that government can facilitate EV proliferation [112] with
recommendations on methodology to formulate government policies [113] which can streamline this.

The importance_of GSCM in strategic vendor management and partnerships has been
established. GSCM practices of firms with strategic alliances showed distinct benefits [114].
Understandably, the Indian automobile industry needs to develop a strategic sourcing model [115].

This also implies that the selection of green suppliers has to be formalised and one such “expert choice

methodology” has been demonstrated [116]._

Research clearly establishes that both internal and external GSCM improves performance in the

automobile industry [117]. The correlation between GSCM and firm performance in the automobile

industry has been shown [118]. Even the GSCM as a concept itself can be performance evaluated in

the backdrop of carbon peak and carbon neutrality [119].

Interestingly, industry 4.0 has been found to be linked with GSCM especially with regard to the

automobile industry [120]. The automobile industry needs to constantly innovate and launch new
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products which determine that an appropriate GSCM be followed [121]. Implementation of GSCM
in the automobile industry will obviously not be seamless and the barriers need to be surmounted
122].
It may be noted that the tenets of GSCM are not much different between the automobile industry
and the EV/ E2W industry. It also is apparent from the above that not much of study of GSCM
concepts in the EV/ E2W industry have been done, and certainly not in the IE2W industry.

5.3. Green Practices of IE2ZW Companies

Some leading IE2W OEMs have adapted to CE significantly. Two examples follow.

5.3.1. Ather Energy

Ather Energy distinguishes itself in technology innovation, effective battery management, and
contributing to the country’s clean mobility ecosystem. The firm has a Memorandum of
Understanding (MoU) with Department for Promotion of Industry and Internal Trade (DPIIT)
[123,124], Ministry of Commerce and Industry, to offer strategic mentorship for high-tech startups,
and give infrastructure support for emerging EV companies, joint innovation programs (such as the
Bharat Startup Grand Challenge), and talent and skill development initiatives. It has developed a
proprietary Battery Management System (BMS) to optimize battery performance and ensure battery
life, apart from initiatives like "70% battery health assurance" and extended warranty programs,
offering coverage for 5 years-60,000 km or, extended 8 years-80,000 km (whichever comes first),
enhancing consumer confidence. As per regulatory stipulations, Ather Energy registered and
received certificates for battery recycling on the Central Pollution Control Board's (CPCB) online
portal. Ather follows a policy of delaying EOLEVB to reduce waste and increase reliability.

5.3.2. Ola Electric

With a world-class "FutureFactory" project in Krishnagiri, Tamil Nadu, Ola Electric has
developed one of the world's most environmentally compliant carbon-negative production facilities.
This encompasses a 100-acre dedicated forest plus 2 acres of forest internal to the plant itself.
Automated production is aided by 3,000+ Al-driven robots working alongside employees, to produce
10 million two-wheelers per year [125]. A vast solar array on the factory roofs, further boosts
sustainability.

Ola Electric also registered for battery waste recycling on the Central Pollution Control Board
(CPCB) portal to comply with BWMR 2022 [126,127]. A recent initiative was the announcement of
using non-rare-material magnets in production. This adds on to its battery plant “GigaFactory” which
produces its own BharatCell.
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5.4. Interrelationship Between Al and CE/ Sustainability in IE2ZW Industry

Environmental
and societal
concerns

Effect on
vendors

economy of
OEMs

Figure 3. Interrelationship: Al and the CE [Source: Authors].

In the figure, the interplay is shown between the parameters influencing CE in the IE2W
industry; with special emphasis on how Al-driven systems can influence, impact and aid each aspect
of the IE2W industry including their environmental and societal concerns, CE of vendors/ OEMs,
adherence by both vendors/ OEMs to governmental environmental norms/ regulations, waste
management, as also how Al copes to overcome ethical concerns and its own carbon footprint. In this
milieu, it would affect and be affected by vendors and OEMs separately.

5.5. Role of Government Policies and Regulations

While Indian government EV policies target adherence to CE principles, significant gaps and
systemic challenges exist on-ground. Some policies include BWMR 2022 [60] to promote battery
recycling [128]; Extended Producer Responsibility (EPR) to make manufacturers responsible for
collecting and recycling/refurbishing EOLEVB; setting collection/ recycling targets projected at 70%
and, recycling targets of 90% by 2027; recycled content in new batteries (5% by FY 2027-28 and 20%
by FY 2030-31); ban on landfill/ burning, encouraging second-life applications, traceability initiatives,
reducing resource import dependence, and productivity linked incentive schemes (PLI) facilitating
domestic battery ecosystem. But the challenges in implementation include continued informal sector
dominance (90% of battery related e-waste), inadequate collection infrastructure, storage,
transportation, and advanced recycling of EOLEVB (<5% of LIBs formally recycled). The reverse
logistics systems are inadequate, battery lifecycle tracking mechanisms are absent, there is no
standardized battery design, setting up recycling plants are capital intensive, and then, there is low
consumer awareness. It is also the government policies which have a bearing on the adoption of EVs
and hence policy must be carefully designed [129].

The need of the hour hence, is to strengthen enforcement mechanisms [130], make capital
investments in recycling infrastructure, address disincentives like GST on waste batteries, formalize
informal sector, enforce standardized battery designs and enhance public awareness on the subject.
It is also imperative that a continuous assessment of the CE policies be made, to make mid-course
corrections when required to render them more effective [131]. The impact of the incentives offered
by the government also needs monitoring [132-136]. The role of Al in the framing of policy and
implications for regulations and policy is covered separately in this review.
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6. Al in the CE of the IE2W industry

Al has both an environmental and ethical footprint which creates a sustainability paradox. On
the other hand, it has a positive effect on the CE of the IE2W industry by benefitting the vendors and
vendor management; on manufacturing aspects for the OEMs; on distribution, sales, marketing and
creation of EV infrastructure; and, on the customers, who get sustainable mobility, good after sales
service, and other technological benefits like ADAS, OTA updates etc.

6.1. The Sustainability Paradox: Addressing Environmental and Ethical Footprints of Al

Al shows immense potential to advance the sustainability of EVs. However, the problem lies in
Al's own sustainability, its environmental and ethical footprints. Its widespread adoption demands
a critical assessment of its holistic impact.

6.1.1. The Environmental Cost of Al

The environmental costs of Al primarily stem from the immense computational power required
to train and deploy advanced Al models, especially large language models (LLMs) that even India
plans to acquire. This will need humungous electricity, which leads to higher CO: emissions, since
roughly 73-77% of India's total energy generation is generated through coal. Figures for May 2025
show coal as 46.12% of installed capacity but much higher in terms of actual generation [137]. Data
centres are the backbone of Al operations, and contribute 1% of global greenhouse gas emissions.
This figure is expected to double by 2026. Al hardware like Graphics Processing Units (GPUs), need
energy-intense manufacturing and contributes significantly to electronic waste [138]. Cooling GPUs
in data centres requires enormous water, which strains municipal supplies and disrupts local
societies. Continuous newer releases of versions of Al, implies energy wasted in training of the
previous models highlighting the environmental impact. Hence, benefits accruing to the IE2W
industry would need to be weighed against these negatives for an honest assessment.

6.1.2. Ethical and Societal Concerns

Rapid deployment of Al in critical systems in the EV ecosphere cause ethical and societal
concerns too. An important aspect is the algorithmic bias, arising from incorrect training data, poor
feature selection, or systemic discrimination existing in legacy datasets [139]. For instance, Al-driven
credit-score models used for EV financing may discriminate against some groups of people [139],
which could reinforce societal biases and reduce public trust in AL

Data privacy is another factor, as Al-driven systems in EVs and fleet management collect, store
and process massive personal data, like driving patterns and location information [139], exposing
people to data breaches, unauthorized access, and misuse. This can be countered through a strong
regulatory framework, which will also promote transparency and accountability [140]. It is hence
apparent that while Al can offer tremendous benefits towards environmental monitoring and in
support of CE, albeit with ethical considerations borne in mind [141], for which it is essential to ensure
human oversight for accurate and contextually sound derivations. Governments would do well to
enforce robust data ethics frameworks and privacy-by-design principles to develop a responsible Al
ecosystem [140].
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Figure 4. The Sustainability Paradox and Al Benefits to the IE2W Industry [Source: Authors].

Table 4. The AI-EV Sustainability Paradox: Risks and Mitigation Strategies.

AT Risk/ Challenge Impact Mitigation Strategy

More carbon emissions, strainon  Use of renewable energy sources to power data

Environmental Cost  water resources, fossil fuel-based  centres and development of more energy-efficient
electricity for data centres [142]. Al models [142].
Discriminatory outcomes in

financial services, fleet . .
Development of fair LLMs; robust data ethics

Algorithmic Bi t, and oth
gOTHmIc Blas fanagement, anc other frameworks and human oversight [143].

applications, reinforcing societal

biases [143].

Data breaches, unauthorized access,
Data Privacy & and misuse of personal data
Cybersecurity collected from vehicles and

charging networks [143].

Implement privacy-by-design principles, strong
cybersecurity risk assessment frameworks, and
strict regulatory compliance [143].

6.2. Al in the EV/IIE2W Industry

6.2.1. General Applications

Lately, the use of Artificial Intelligence (Al), Blockchain and Industry 5.0 are gaining traction.
Robotics and Internet of Things (IoT) [111] have significantly influenced manufacturing and
evidently, the emergent IE2W industry will benefit [144,145,[146]. Al can find great application in
overall energy management systems and to ensure the sustainability of the IE2W industry as well as
of the environment [101]. Industry 4.0 (and now Industry 5.0 with the sustainability edge) have been
analysed [147] highlighting its importance for companies wanting to make a change. Al in Industry
5.0 is manifested through digital manufacturing which can be applied in various industries [148].
This is often called 5% Industrial Revolution (IR5.0) that will revolutionise the manufacturing sector
to enable seamless and sustainable synergy between the efforts of man and machine [149,150].
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Technologies like blockchain can also be applied in the EV supply chain [151] in keeping with the CE

[152].

Al technology can facilitate and accelerate implementation of CE norms in the IE2W industry

[153] in some fields given below:

e  Supply chain optimization: Al offers solutions to address sustainability bottlenecks in the
Indian EV/IE2W industry, creating a more efficient, resilient, and circular value chain. Al-
powered supply chain solutions enable manufacturers to forecast parts demand, track
inventory, and identify risks, thereby empowering smooth procurement and logistics.
Resultantly, there would be lower emissions, reduced waste, and improved lifecycle
management for key EV components, enhancing the sustainability of the value chain [154]. The
aspects of vendor partnerships like vendor managed inventory (VMI) are also streamlined
through AI [155,156].

e  Battery management and smart charging: Al-powered battery management systems (BMS)
[157,158] offers real-time energy prediction, adaptive charging, and degradation tracking,
improving battery life, lowering waste, and reducing total energy consumed by IE2Ws. This
can enhance safety and overall performance [158]. Some OEMs and infrastructure providers
like Tata Power and Sun Mobility have integrated Al towards battery swapping, smart
charging, and lifecycle assessment, improving operational and environmental performance
[159]. These will be replicated by the IE2W industry. Al-driven BMSs analyse real-time data
from various sensors embedded within the battery pack, including temperature, voltage, and
current [160], allowing prediction of the battery's State of Health (SoH) and State of Charge
(SoC) with > 95% accuracy [158] and facilitates self-diagnosing maintenance, pre-empting
failure [160]. Startups like E-Vega Mobility Labs in India have a portable, Al-powered "EV
Doctor" to diagnose battery health in 15 minutes (which earlier took days) [139]. According to
McKinsey report, Al-driven systems can extend battery life by up to 30% and decrease
maintenance costs by up to 25%, thereby reducing total cost of ownership, premature
replacements and waste [160]. Further, Al algorithms optimize energy consumption by
analysing driving habits and external environment, enabling efficient power allocation and
regenerative braking. Battery-as-a-service (BAAS) is also gaining popularity for the customer
as it offers cheaper cost and stress-free ownership [161]. Industry 5.0 concepts, incorporating
Al can also be applied to remanufacturing LIBs to render it more environmentally acceptable
[108].

e  Al-enabled recycling: EoL batteries pose a significant environmental and economic challenge.
The CE model, promoting "5Rs" —Reduce, Reuse, Repurpose, Remanufacture, and Recycle —is
critical for risk mitigation [162], which can be helped by Al to manage the transition. "Retired"
EV batteries retain 70-80% of their residual capacity, which can be repurposed for large-scale
energy storage systems for homes/ businesses [143]. Al health-assessment of these batteries
ensures that only components with sufficient functionality are reused, thereby boosting
productivity in the "second life" for these batteries [143,163,164]. There have been rapid
advances in the use of Al in battery recycling [165], and it is considered that robotics and Al
would lead the future of EV recycling [166]. Al is also expected to disrupt the battery supply
chain and lifecycle [167]. For batteries that cannot be repurposed, Al-powered automated
resource recovery, through advanced multi-sensor technology and X-ray imaging, identifies
and classifies each type of battery with >98% accuracy [162], rendering raw material recovery

much easier, making it possible for India to meet up to 80% of its domestic lithium and cobalt
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needs by 2030 (savings of approx. $2 billion a year on imports) and increasing strategic and
geopolitical resilience [163].

e  Predictive maintenance and manufacturing: IE2W OEMs—especially giants like Ola
Electric—deploy Al for predictive maintenance analytics, early defect detection in
manufacturing, and supply chain optimization. Al-driven production lines improve yields,
lower energy consumption, and minimize waste through digital twins and robotics,
supporting the industry’s zero-defect and zero-waste sustainability goals [163].

e  Grid integration and demand management: Al optimizes demand management, aligning
charging with renewable energy generation, and leverages vehicle-to-grid (V2G) technologies,
preventing grid overloads and promoting the use of green energy by automatically shifting
charging to off-peak hours ([154].

e  Sustainable mobility and user experience: Al-driven route planning apps, over-the-air (OTA)
updates, adaptive driver assistance (ADAS), and real-time system diagnostics reduce energy
use, boost safety, and improve user experience. Indian cities are already witnessing
deployments of Al-enabled public and private EV fleets that adapt to regional grid conditions
and mobility patterns to maximize sustainability [168].

o Al for sustainability: Al has been used to optimize supply chain sustainability, by leveraging
publicly available Carbon Disclosure Project (CDP) data to optimize resource allocation and

make a prediction of the carbon emission levels [154].

Table 5. AI Applications in the EV Lifecycle and Their Sustainability Impact.

Al Application Mechanism Sustainability Impact
Predictive analytics, ML, NNs,  Extends battery life by up to 30% and
Al-driven BMS and RL for battery health (SOH) reduces maintenance costs by up to 25%,
and charge (SOC) predictions. minimizing waste [160].

Data-driven assessment of Enables second-life applications for grid
Battery Repurposing residual capacity (70-80%) in end- storage, preventing waste and creating
of-life batteries. value [143].
AI—eI'labIed sorting lines using Critical for meeting up to 80% of India's
Automated multi-sensor technology and X- | .
. . . . _ lithium and cobalt needs from recycling by
Recycling ray imaging for high-purity

. lions in i 1631,
material classification. 2030, saving billions in import costs [163]

Al-powered route planning and Reduces delivery time by 15-20% and

Fleet & Route . . . energy consumption by 10-25%, leading to
.. fleet coordination, especially in o . ..
Optimization . up to a 40% decrease in emissions for last-
urban logistics [169]. i L
mile logistics.
Analysis of historical charging  Optimizes charging station locations and
Smart Charging patterns, energy consumption, = manages charging loads to support grid

and driver behaviour. stability and reduce waiting times [170].

¢  Revolutionizing fleet management and urban mobility: The commercial sector is a key
driver for EV proliferation and hence a natural fit for Al-powered solutions. For example,
Amazon India is surpassing their goal of 10,000 EVs in India a year ahead of schedule [171],
thus leveraging Al to optimize operations and reduce carbon footprint [171]. Predictive
maintenance allows vehicles to self-diagnose potential issues before they occur, eliminating
reliance on periodic manual inspections [172], thus minimizing downtime, maximizing fleet

utilization, and ensuring operational efficiency. Indian companies like Bounce Infinity are
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already deploying these solutions to manage their fleets more effectively [172]. Al is also useful
for route optimization and fleet coordination in urban last-mile logistics, with the ability to
analyze vast data to dynamically plan routes, reducing delivery time by 15-20%, with a 10-25%
gain in energy efficiency, and about 40% reduced emissions [173]. All of these, enhance
profitability of firms and contribute to India's climate objectives, while reducing urban
pollution and congestion [173]. The success of corporate-led electrification is a significant
market dynamic which influences adoption of EVs perhaps more than the government [171]
and this will benefit the IE2W industry too in terms of logistics cost savings and efficiencies,
apart from being a paradigm worth emulating.

e  Alin performance of the IEV/IE2W industry: Al would have an impact on each parameter
which may be used to measure the performance of the IEV/ IE2W industry like profitability
[174-176], productivity [177], innovation [178], quality [179], flexibility [180,181] and consumer
satisfaction [182-185].

6.2.2. Al in Regulatory and Policy Framing by Government

Al can play a transformative and constructive role in helping the government frame policies
targeted at sustainability and circularity objectives. A few areas for this are listed below.

e  Data-driven policy formulation: Al enables policymakers to analyze large-scale, real-time
data on material flows, resource use, and environmental impacts, leading to greater accuracy
in modelling and data-supported decisions for circular policy development through predictive
analytics and scenario simulations [186].

e Adaptive and dynamic regulations: Al can create adaptable regulations that can auto-modify
on fresh inputs or situational changes, which make government policies responsive rather than
static. This is useful in dynamic domains like materials innovation, waste management, and
reverse logistics [187].

e  Effective monitoring, compliance, and transparency: Empowers real-time monitoring of
supply chains, resource consumption, waste handling etc to assure circularity compliances.
This aids transparency while rendering the policies more effective and targeted [188].

e  Cross-sectoral collaboration: Al promotes synergy between government, industry, and
academia for CE initiatives, by identifying and overcoming systemic inefficiencies. This helps
government to scale up pilot projects, digital infrastructure, and skill development programs
[186].

e  Ethical and social considerations: By simulating long-term outcomes of policy measures and
strategies, Al enables government to actively address societal impacts, in order to ensure that
CE policies are fair, inclusive, and equitable [141,189,190].

e Incentivizing circularity in industry: Al-designed policies can accommodate promotion of
economic incentives that encourage investment in circular business models and sustainable
technologies [191].

To summarise, Al assists policy development by offering governments and organizations

advanced tools for analysis, implementation, and adaptation, thereby creating a resilient, adaptive,
responsive and technologically superior regulatory environment.
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6.2.3. Policies Effective for AI-Driven Circular Economies

In order to be successful, policies promoting Al-driven circular economies should take into
account economic incentives, regulatory support, public infrastructure inputs, and collaborative
frameworks to facilitate integration of Al with CE practices.

e  Economic and financial incentives: The economic and financial incentives could be in the
form of subsidies and grants to firms to adopt Al-enabled waste management, recycling, and
resource efficiency solutions, to help them reduce costs and de-risk innovation [192]. Tax
reductions can also be offered to firms who show tangible circularity achievements, through
Al-powered resource tracking and predictive maintenance.

¢  Regulatory frameworks and standards: Data sharing can be mandated with privacy
protection of course, enabling government, through Al, to optimize resource flows and
enhance traceability [193]. The government could also mandate circularity-related product
design standards requiring Al in eco-design, recyclability, and lifecycle optimization [194].

o Digital and physical infrastructure, capacity building and cross-sector collaboration: Public
investments in digital infrastructure —like IoT and Al systems—allow for real-time monitoring
and automation of materials, products, and energy flow [195,196]. The government can also
fund Al applications in waste management, urban mining, and closed-loop supply chains to
encourage industry to go in for wider adoption [197]. Integration of Al and CE concepts in
curricula and skill development programs enhances availability of local talent and motivates
long-term adoption. Government can facilitate multi-stakeholder partnerships and innovation
clusters, uniting universities, companies, and startups to co-develop Al-based circular
solutions [198].

e  Consumer engagement and transparency: Making it mandatory for products and components
to be digitally tracked through Al and blockchain, will keep consumers well-informed as a
partner in the mutual need for circularity and recyclability [193]. Gamified incentives from
government boosts circular behaviour at scale [199].

For these policies to be effective, governments need to align funding, regulation, and education
to empower Al-driven CE models [200].

6.2.4. Policies for Al and Circularity: Snapshots from Other Countries

Several countries have their own policies linking Al and circularity, often integrating digital
infrastructure and advanced analytics in their national strategies for sustainability. We look at a few
examples.

e  European Union: EU's CE Action Plan (CEAP 2020) establishes legal requirements for
sustainable product design, right to repair, and digital product passports, with policies
promoting Al-enabled resource tracking and eco-design. Netherlands aim for full circularity
by 2050, actively investing in Al tools for waste monitoring and materials optimization [98].
Germany’s supports Al innovation hubs that help SMEs adopt digital and Al-driven resource
efficiency tools, and funds university-led “Green Al” research that develops resource-efficient
Al for circular production [201].

e  China: China’s CE Promotion Law (CEPL) carries out Al-based monitoring for resource-use
audits, sharing of resources, product life extension measures, and eco-industrial development,

supported by tax cuts [194].
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e Japan: “Sound Material-Cycle Society” prioritizes Al-powered recycling systems and
consumer digital engagement. Over 20% of industrial input comes from recycling, with full
government support for holistic circularity, traceability, and automation [194].

e India: India has the National Strategy for Al and CE roadmaps, offering financial incentives
for Al adoption in recycling, e-waste management, and resource traceability, alongside policies
for cloud computing and IoT-based data solutions in supply chains [193]. Examples include
support for startups using Al to optimize supply chain transparency (e.g., ReshaMandi) and
investment in public digital infrastructure to enable scalable CE solutions [198].

e  Africa (Selected Cases): South Africa supports Al-enabled circular startups, especially in
urban mining and plastics recycling, through direct funding, innovation clusters, and
knowledge transfer partnerships, but faces challenges of inadequate data infrastructure and
skill [202].

e Brazil: Brazil incentivizes producer cooperatives and circular innovations using Al as part of
broader waste-to-energy and recycling policy measures.

Successful implementation depends on government capability to ensure effective legal

frameworks, targeted incentives, open data policies, and support for digital infrastructure and Al
skill development [203].

6.2.5. Al in Waste Management:

In spite of significant challenges like infrastructure gaps, emerging economies are taking to Al
in a big way for waste management through digital innovations to enhance efficiency, and by
optimizing resource-use by promoting circularity. Al-powered waste management is often referred
to as smart waste management [204,205]. Emerging economies have the potential to leapfrog legacy
waste management systems by adopting digital CE models, creating cost-effective models and
promoting sustainability [206]. Accordingly, emerging economies surmount legacy challenges
through Al-driven systems, to meet CE goals, often also using PPP models, public and donor funding,
open-source platforms, and collaborative innovation ecosystems (DMR 2023) to overcome financial
hurdles [207]. Some of the key Al applications for this, are given below.

e  Waste sorting: Al-driven systems considerably improve sorting (plastics, metals, and other
materials) accuracy for recyclables, and help to reduce contamination and boost recycling rates
vis-a-vis manual sorting [208].

e  Smart waste collection: Al in conjunction with IoT sensors predict saturation levels of waste
bins and optimize collection routines, thereby reducing fuel consumption, operating costs, and
emissions [209].

e  Waste data analytics: Al collates and analyses waste generation data to facilitate planning and
decision-making in policy, through real-time dashboards with municipal authorities and
companies. This also helps to measure performance, and identify recycling loopholes [206].

e  Consumer engagement: Al-powered mobile apps encourage sustainable behaviour by
informing citizens about waste segregation, collection timings, and incentivizing recycling
participation, thereby boosting CE principles at grassroots levels [208]. Countries like India
and Kenya tackle growing electronic waste [210] and deploy mobile-first platforms linking

households with informal waste collectors for more efficient recycling and reuse [211].
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6.2.6. Challenges and Opportunities in Waste Management

There are challenges as well as opportunities in the deployment of Al-driven systems for waste
management in developing countries. The challenges include technical, infrastructural, financial, and
social barriers that impede adoption and scaling. Some of these challenges follow.

e Infrastructure and technical challenges: The inadequacy of extensive IoT networks, sensor
technologies, and effective data collection systems necessitated for Al to function effectively in
waste management [212]. The availability of waste data is also sporadic and inaccurate which
impairs prediction in waste patterns and route-optimisation [206]. The complexity associated
with the integration of Al with legacy systems and informal network, is also an issue [209].

¢ Financial and resource constraints: Al hardware, software, and implementation is expensive
for municipalities or waste companies and need hand-holding from the government or other
sources [208]. Add to this, the skill gap through the shortage of Al-trained and data science
understanding personnel with exposure to waste management [211].

e  Social and institutional barriers: Informal waste management agencies are inseparable part of
waste collection in developing countries, and their integration into Al-driven systems can be a
challenge [206]. Lack of awareness of Al’s benefits in decision-makers and society at large can
adversely affect investment and adoption [208]. There is also the issue of having insufficient
regulatory frameworks for data governance, privacy, and Al ethics [209].

¢  Environmental and operational: Uneven waste generation patterns in terms of waste types,
volumes, and disposal practices across geographies, complicate Al efficiency [213]. In
developing economies, due to financial and institutional shortcomings, the maintenance and
adaptation of Al systems may be impacted affecting long-term sustainability [206].

These challenges necessitate tailored, context-sensitive approaches combining technological

innovation with capacity building, regulatory strengthening, and inclusive stakeholder engagement
to enable effective Al-driven waste management in developing countries [212].

7. Challenges, Opportunities and Recommendations

We can summarize the challenges, opportunities, and recommendations for applications of Al
in the CE and sustainability of the IE2W industry:

7.1. Challenges

There are certain key challenges that arise when integrating Al into IEV/ IE2W CE models. These
challenges include technical, organizational, and systemic barriers that restricts efficiency of Al
systems and their positive impact on circularity and sustainability [214]. These are discussed below.
e  Data quality and availability: IEV/IE2W supply chains and recycling networks as yet do not

have access to accurate, comprehensive, and real-time data, which is mandated for the training

of Al models. They also lack the desired digital infrastructure and standardization across data

sources [214].
¢  Hunger for resources and negative environmental impact: Large-scale Al models require

significant computational power, necessitating high energy consumption and heavy reliance

on rare earth metals, thereby negating sustainability gains [191]. There is also presently
inadequate infrastructure for systematic collection, storage, transportation, and recycling of

EoLEVB, and this process is dominated by the informal sector, which is another issue.

e Linear model bias: Many existing Al solutions may suffer biases arising from the legacy

training data which has been obtained from linear (take-make-waste) models. This may
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prejudice circular production, procurement, and supply chain practices unless the Al systems
are retrained appropriately [191].

e Interoperability and integration: Data protocols and IT systems across OEMs, recyclers, and
suppliers are not standardized and remain fragmented, which at times preclude seamless Al
integration for circularity and sustainability of the business model [194,215].

e  Ethical, privacy, and security concerns: Al leads to increased collection and use of supply
chain and product usage data which obviously raises privacy, security, and ethical concerns.
There is hence a need for robust governance systems for data security as well as to foster
consumer trust [141].

e  Skill and knowledge gaps: There is lack of training on skills for recycling and CE throughout
the battery value chain, from recovery to transportation to testing, recycling, and
refurbishment. There is also low consumer awareness on battery environmental and safety
risks, leads to improper disposal. There is a shortage of professionals with cross-disciplinary
knowledge in Al, CE principles, and EV technology, precluding organization exploitation of Al
and implementation of Al-driven circular solutions holistically [216].

¢ Financial and regulatory barriers: Prohibitive capital costs for recycling plants (between Rs
220-370 crores) adds to the lower penetration and willingness to invest. 18% GST on retired
batteries, disincentivizes recycling. Further, there are logistical & data gaps. High capital
outlay for Al infrastructure and systems cause problems for smaller firms which are quite
prevalent in the IE2W industry [216].

e  Complexity of the EV value chain: The complexities involved in IEV/ IE2W parts and multiple
vendors imply need for utmost coordination, efficient reverse logistics, and comprehensive
adoption of circular practices—by OEMs and all other stakeholders in the value chain [217].
These challenges highlight the need for orientation of Al towards circularity, robust cross-
sector collaboration, and supportive governmental frameworks to accrue maximum benefits of
Al within the IEV/ IE2W CE models [214].

7.2. Opportunities
Despite challenges, India has significant opportunities to establish a thriving CE for EV batteries,

as given below:

e  reducing imports LIB (now at 100%);

e recycling to reduce imports of rare earths and minerals to boost geopolitical resilienc. (recent
discovery of lithium reserves in India further offers long-term promise for domestic supply)
[218];

e  battery recycling (market estimated at $ 95 billion annually by 2040) to recover 50-95% [219], to
boost profitability, economic viability and job creation (total LIB recycling market in India by
2030 is estimated at $ 11 billion);

e  address environmental concerns and lower carbon emissions by up to 90%;

e repurpose EOLEVB into in stationary energy storage systems [55,220];

e  exploitation of Al and other technological advances and green innovation;

e and, collaborative efforts on CE between lawmakers, automakers, vendors, battery

manufacturers, recyclers, and academia.
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7.3. Recommendations for Government/ Academia

¢  Local R&D and human capital: Policymakers should align their efforts with initiatives like "AI
for India 2030" and the NITI Aayog report's recommendations [160], by incentivizing
investments in local R&D for both EV technology and ethical Al. This would reduce
dependency on imported technology and help the country become a global innovation leader.

e  Bridge the skill gap: Universities and industry must come together to create tailor-made
curricula focused on the synergies of the IEV/ IE2W and Al technologies, moving beyond
traditional automotive engineering [221]. These programs can produce world-class specialists
in BMS, embedded electronics, and data analytics [174].

¢  Robust regulatory frameworks: To promote Al transparency, mitigate algorithmic bias, and
ensure data privacy within the EV ecosystem [139,140]. Other regulatory and policy
initiatives through refining of BWMR implementation, standardizing the battery design,
implementing a battery tracking system, addressing disincentives, and facilitating second-use
of batteries.

e Infrastructure through Public-Private Partnerships (PPP): Government can accelerate growth
of infrastructure through PPPs, in the EV field by significantly increasing the number of
charging stations, and by aligning energy policy with EV adoption by using renewable energy
sources for grid power [169]. Government also has a role to play in infrastructure and
technology investments along with the industry. India continues to face barriers such as
infrastructure bottlenecks, policy fragmentation, and cost pressures in localizing advanced Al
solutions [215]. Coordinated PPP investment in Al R&D, government incentives for digital
infrastructure, and targeted training (e.g., through NITI Aayog, IITs) can help overcome these
hurdles and revolutionise sustainable scaling [215,222].

e  Foster public awareness: Improving public awareness and participation through cross-sectoral
alignment between policymakers, IE2W industry, vendors, academia, and local bodies, will
highlight EV benefits and build support for the transition [113], apart from understanding the
importance of correct battery disposal. This will also address potential resistance from
established industries to ensure that societal transition is as smooth as the technological one.

e  Ethical AI deployment: To build consumer confidence, government must regulate to ensure
that companies implement robust data ethics frameworks and privacy-by-design principles
[139].

7.4. Recommendations for the IE2W Industry

e Investin a CE: It is important for IE2W industries to incentivize R&D and training, factoring
Al into their core business strategy, from product design to supply chain management. This
includes in-house capabilities for battery health diagnostics and investing in automated
recycling technologies. By integrating these processes, manufacturers can reduce their reliance
on imports of critical minerals and create profitable avenues from second-life applications and
material recovery [143]. IE2W industry should establish an efficient reverse logistics system
[53,223], standardized battery labelling, and effective battery tracking.

e  Public awareness: IE2W industry can launch awareness campaigns to address public concerns
on Al ethical deployment in the products and services, their technological advances and

benefits, to remove misconceptions and biases to build support for the transition [113].
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e  Embrace ethical Al deployment: To build consumer confidence, companies must implement
robust data ethics frameworks and privacy-by-design principles to promote transparency in Al
deployment [139].

e  Prioritize a fleet-first adoption model: Industry leaders should recognize the power of
corporate-led fleet electrification as a key accelerator of market growth apart from Al-driven
advancements in boosting sustainability in the IE2W industry and strengthening the supply
chain, like Amazon [171]. This approach is economically driven and can provide a proof of

concept for wider adoption, by the IE2W industry.

8. Gaps in Literature

From the foregoing, it would be clear that Al is not a solitary panacea but a strategic enabler to
facilitate India's EV sustainability and CE goals. ROL on the subject brings out that most research has
been carried out in China, SE Asian countries, and some Middle Eastern/ African countries. Few
studies exist in India; and even these are limited to the manufacturing sector in general or to the
automobile industry and not particularly either the IEV or the IE2W industry.

Some research gaps identified based on research, mostly based in the past decade considering
the fact that Al is new and its applicability in various industries are still being explored, are:

e need for study specific to the application of Al to the CE of the IEV/ IE2W sector rather than
generic to the automobile sector or industry;

e need to study specific effects of Al on environmental aspects of IEV/ IE2W industry to include
waste management, pollution control, environmental impact of OEMs and actual
environmental impact of their products;

e need for study specific to examining existing government policy framing mechanism, impact
of Al in this, especially for policy pertaining to the IEV/IE2W industry;

e need to research impact of Al on job creation or loss of jobs in the IEV/ IE2W industry;

e need to research impact of Al on R&D to the extent it meets the requirement of decreased
dependence on lithium, a basic raw material for batteries, impacting the overall logistics and
supply chain;

e need to research differences in the Al applications in the automobile ICE industries vis-a-vis
IEV/ IE2W industry;

¢ need to research differences between Al applications in the vendor partnerships and supply
chain management in automobile ICE industries vis-a-vis IEV/ IE2W industry;

¢ need to study specific effects of Al on the parameters of profit, innovation, flexibility, quality
control, and consumer delight in the IEV/ IE2W industry;

¢ need for India-specific study on application of Al to the IE2W industry to study not only the
benefits but also the pitfalls of Al and how and by whom these could be countered;

e need for study on the Al impacts on vendor partnerships and sustainable supply chain for the
IEV/ IE2W sector;

e and, the need to focus investigation to a particular type of industry for consistency in results,
which here, is the IE2W industry.

The above also cover the areas for future research.

9. A Conceptual Framework

On the identification of gaps, one can arrive at a tentative conceptual framework, as given in
Figure 5.
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Figure 5. Conceptual diagram for Al role in CE and sustainability of IE2W industry.

This framework considers Al and government policies as being the two independent variables
with a total of 5 constructs between them which are connected to the two dependent variables of the
CE; and, environmental and societal impact. These dependent variables further have parameters
under them which would be influenced by Al and government policies respectively. It bears
relevance that for both CE on one hand, and, environmental and societal impact on the other, it would
play differently for OEMs who are the manufacturers for the IE2Ws; and the vendors, who supply
parts and components to facilitate manufacture for the OEMs. Our understanding of environmental
and sustainability issues would be incomplete without taking into account the societal aspects also,
which has hence been included.

10. Scope for Research and Potential

10.1. Limitations of Study

Limitations for this review include lack of adequate material including empirical data in the
Indian context with reference to the applicability of Al in the CE and sustainability of the EV industry
and virtually none at all for the IE2W industry. Some dynamics of the automobile industry in India
which have been taken as a reference point, may or may not hold good for the IEV/ IE2W industry.
While Al is often spoken about and touted as being applied, the on-ground utilisation of Al-driven
technology, processes and systems, may not be very widespread or mainstream, which leaves
unanswered questions. Further, the country has been relatively slower off the block on Al, with most
LLMs and models being of western origin. Government regulations on the same and policies are
work-in-progress. With the dynamic nature of the constantly evolving IE2W industry, it may be
difficult to accurately predict how Al applicability would play out in the near (5 years) and mid-term
(10 years) future. Hence, present day indicators have been relied on for projections. Also, the nature
of the IE2W industry itself is such that information on the same, other than what is available on the
open domain, is hard to come by (except for OEMs which have gone public). Details of vendors are
also hazy with no definitive directory giving their credentials with open domain information varying
greatly.
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10.2. Discussions

10.2.1. Theoretical

Theoretical and managerial discussion points in a research article on the role of Al in CE and
sustainability of the EV industry should logically focus on both conceptual frameworks and
actionable strategies for industry leaders [195]. A few theoretical discussion points are brought out
below to underscore the role of Al in the CE of the IEV/ IE2W industry.

e Al enables the CE: Al facilitates product design which empowers circularity, ensures resource
optimization, and facilitates decision-making using predictive analytics and tools [224].

e  Sustainability in manufacturing: Deployment of Al in EV/ E2W manufacturing cuts waste,
reduces carbon footprints, and advances life of products through predictive maintenance,
efficient use of energy, and streamlining the supply chain [199].

o  Frameworks across disciplines: When a conceptual model is devised, which combines green
and sustainable manufacturing, digitalization, and circular supply chains, it demonstrates the
synergy between business, technology, policy, and societal factors, which further boosts the
transition towards sustainability [225].

¢ Data-driven innovation: Al encompasses data collation, real-time monitoring, and
simulation of environmental as well as economic impact to ensure a dynamically improving

circularity for the business model [226].

10.2.2 Managerial

Taking the theoretical aspects forward, we have outlined steps that can be taken by managers to
adopt ‘leagile’ practices (Sharma & Sohani, 2022), supplier selection [227,228], and the application of
Al in manufacturing [229]. Indian IEV/ IE2W managers should adopt global best practices while
simultaneously adapting to the peculiarities of its supply chain [67,230], and this would involve the
incorporation of Al too. Our work highlights the significance of Al in promoting the CE and
sustainability in the IE2W industry. Certain other relevant issues for managers on this topic are given
below.

e  Acting upon circular strategies: This can be done by managers by leveraging Al tools to

ensure circularity in the supply chain through the planned recovery, reallocation,
refurbishment, sale, and disassembling of EV components, in a smooth manner [231].

¢  Resource optimisation and waste reduction: Al-driven solutions can be used to optimize
material flow, facilitate sorting through visual recognition, and ensure effective energy
management towards sustainability in resource use [232].

¢  Supply chain collaboration and transparency: Al facilitates real-time data sharing,
stakeholders’ collaboration, and adaptive decision-making across multiple circular levels
including recycling agencies, logisticians, repair and maintenance services and the OEMs [152].

e  Strategic sustainability initiatives: Managers can employ Al analytics to simulate situations,
forecast market developments, predict demand, and adapt circularity in their business models
to enhance the profitability and competitiveness while simultaneously meeting the obligations
of government regulations and environmental norms [233].

e  Ethical considerations: Effective managers will not ignore the sensitivities of data security,
interoperability, skill gaps, and ethical design even as they fully exploit all that Al is capable of
in the quest for sustainability [199].
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The above covers both the conceptual analysis and an actionable roadmap for managers to
benefit from the empowerment offered by Al to drive circularity and sustainability in IE2W contexts.
electric vehicle industry contexts [195].

11. Summary

India is experiencing an EV revolution, of which E2W is a major component. The enormous
future potential of the IE2W industry makes it an ideal candidate for study. The path of growth of
this industry is largely in consonance with the marked shift of the world towards greener
technologies and processes. For the IEV/ IE2W industries, the integration of Al represents a pivotal
moment, and their ability to exploit its full potential will determine success for them on a global scale.
Al will become an important factor to foster increased momentum in IE2W proliferation, subject to
the country being able to address the other issues of infrastructure [234]. Al offers a powerful suite
of tools to enhance BMS and battery performance, foster a CE, optimize logistics, and address the
important sustainability challenges in the industry. This vision of a unified Al layer that marries
battery diagnostics, fleet management, and recycling is the future, bringing transformation to the
entire IEV/ IE2W industry by streamlining multifarious tools into a cohesive, interconnected
framework for the whole industry [165].

However, this path of Al-enabled sustainable future is not linear. The environmental and ethical
costs of Al must be carefully countered to ensure that the technology used to solve one problem does
not exacerbate another. This can be balanced through knowledge and awareness, by governments,
industries and the public at large. In a world where environmental concerns take centre stage, India’s
transition towards EV/ E2W seems to signal matured responsibility [235].

Al's potential to destroy jobs is balanced with the perspective of its ability to create new frontiers
for the work-force, which would however imply that government and academia apart from industry,
should bridge the talent gap and address the human capital imperative. IEV/ IE2W industry will
create millions of jobs by 2030, but skillsets in niche fields like embedded electronics, BMS, and data
analytics [177] will need to be nurtured through a nation-wide strategic effort to upskill and reskill
to take on the demands of a high-tech, Al-driven industry [174].

India's potential to become a global leader in sustainable mobility is immense, but its success
will hinge on a commitment to a strategic, responsible, and holistic integration of technology, policy,
and human capital. This approach, where technological innovation is balanced with ethical
governance and a focus on human development, is the only viable path to realizing a truly green and
independent future for India's E2W ecosystem.
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Abbreviations

The following abbreviations are used in this manuscript:

2W Two-wheelers

3W Three-wheelers

4w Four-wheelers/ cars

5Rs Reduce, reuse, repurpose, remanufacture, and recycle
ADAS Adaptive driver assistance system

Al Artificial Intelligence
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BMS Battery management system

BWMR Battery waste management rules
CAGR Compounded annual growth rate
CDP Carbon disclosure project

CE Circular economy

CEPL China’s CE promotion law

@i Confederation of Indian Industry

CO2 Carbon dioxide

DPIIT Department for Promotion of Industry and Internal Trade
E2W Electric two-wheelers

EoL End-of-Life

EPR Extended producer liability

EoLEVB End-of-Life EV Batteries

EU European Union

EV Electric vehicles

FAME Faster adoption and manufacture of hybrid and electric vehicles scheme
GPUs Graphics processing units

GSCM Green supply chain management

GST Goods and Services Tax

ICE Internal combustion engines

IEV Indian Electric Vehicles (industry)
IE2W Indian EV two-wheelers

aT Indian Institute of Technology

IoT Internet of things

IR5.0 5th industrial revolution

KTPA Kilotons per annum

LIB Lithium-ion battery

LLM Language learning model (in AI)

MoU Memorandum of Understanding
MSME Medium, small & micro enterprises
OEM Original equipment manufacturer
OTA Over-the-air (as in updates given to EVs)
PPP Public-private partnerships

PLI Productivity linked incentive (scheme)
R&D Research & development

SoC State of charge

SoH State of health

SSCM Sustainable supply chain management
us United States

V2G vehicle-to-grid technologies

VMI Vendor managed inventory
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