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Critical raw material (CRM) availability is a key constraint for large-scale transport electrification in emerging
economies. To assess India’s transition, lithium, cobalt, nickel, manganese, and copper demand from 2022 to
2050 is analysed using a saturation-aware dynamic material flow model with mode-specific saturation limits
across five passenger modes and IEA-aligned scenarios (STEPS, APS, EV30@30). India’s multi-modal structure
produces a dual-rate electrification pathway distinct from the car-centric systems in developed markets. Two-
wheelers and auto-rickshaws electrify early, and net stock tapers as they approach saturation, limiting long-
term CRM contribution, while electric cars expand through 2050 and dominate battery and CRM demand.
Despite the gradual shift from fleet expansion to replacement, CRM demand rises sharply: by 2050, lithium and
copper exceed 2022's global production levels, cobalt and nickel approach or exceed, and manganese remains
lower. These findings highlight India’s growing influence on global CRM markets and the need for coordinated

national strategies.

1. Introduction

The global transition toward electric vehicles (EVs) is central to
reducing greenhouse gas emissions and fossil-fuel dependence. How-
ever, electrification also places growing pressure on critical raw mate-
rials (CRMs) such as lithium, cobalt, nickel, and copper, which are
essential for batteries, vehicle components, and charging infrastructure
(Habib et al., 2020; Hache et al., 2019; Jones et al., 2020). CRM avail-
ability is increasingly recognised as a key constraint for large-scale
transport electrification, and international scenario frameworks,
including the Stated Policies Scenario (STEPS), Announced Pledges
Scenario (APS), and EV30@30 campaign under the Electric Vehicle
Initiative, provide different trajectories for EV deployment (IEA, 2019,
2023). Comparing these frameworks helps assess how infrastructure,
technology, and supply chains must evolve to support this transition
while addressing long-term resource sustainability (Dhar et al., 2017).
India is important in this context: its population exceeds 1.4 billion, and
its vehicle fleet tripled to 326 million by 2020 (MoRTH, 2020). Its
transport sector contributes 14% of national CO: emissions (Kumar
et al., 2022), relies heavily on imported fossil fuels (75% in 2019) (IEA,

2021), and drives severe urban air pollution (NRDC, 2019). Unlike
car-centric transitions in developed economies, India’s mobility system
is strongly multi-modal and dominated by two-wheelers and
auto-rickshaws, making its electrification pathway distinct and central
to supporting India’s commitments under the Paris Agreement
(UNFCCC, 2015) on both emission reduction and CRM sustainability.
While EV adoption can reduce operational emissions, CRM demand
in emerging economies remains insufficiently studied (Abdul-Manan
et al., 2022; Das et al., 2021; Milovanoff et al., 2020; Verma et al., 2022;
Watari et al., 2019a, 2019b). Global CRM assessments (Habib et al.,
2020; Hache et al., 2019; Jones et al., 2020) do not capture the material
implications of India’s structurally diverse transport system, and na-
tional studies often focus on single modes or developed countries (de la
Torre Palacios et al., 2021; Milovanoff et al., 2020). Recent studies in
dynamic material flow analysis and related approaches assess
lithium-ion battery metal demand, recycling potential and circular
strategies in high-income or predominantly car-based systems (Dunn
et al., 2022; Kamran et al., 2021; Maisel et al., 2023; Raghavan et al.,
2023; Rosenberg et al., 2023; Takimoto et al., 2024). Existing research
on chargers (Goel et al., 2021; Habib et al., 2020; Hao et al., 2019;
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Majumdar et al., 2015), battery materials (Watari et al., 2019b), and
energy impacts (Taljegard et al., 2019) does not integrate CRM re-
quirements across vehicles, chargers, and batteries, nor does it account
for mode-specific saturation effects that shape long-term evolution. Our
study complements this literature by applying a saturation-aware DMFA
to India’s multi-modal passenger system, jointly modelling EV stocks,
chargers, and batteries across five modes under policy-driven scenarios
and comparing the resulting CRM requirements with current global
production benchmarks. Although national policy initiatives such as
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Faster Adoption and Manufacturing of Electric Vehicles (FAME) and the
National Electric Mobility Mission Plan (NEMMP), supported by multi-
ple regional EV policies (Table S1 in Supplementary Information 1 (SI-I))
(E-AMRIT, 2023; MoHI, 2022; MoP, 2022; NEMMP, 2020), encourage
faster adoption, they do not evaluate long-term resource pressures or
CRM supply constraints. As a result, an assessment that links EV growth,
charging needs, battery demand, and CRM requirements across India’s
future electrification pathways remains missing.

To address this gap, this study applies a Dynamic Material Flow
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Fig. 1. Schematic of the Dynamic Material Flow Analysis Model for electric vehicle transition in Indian passenger transportation. Icons are created by ‘Luis Prado’
and ‘Mira iconic’ from the noun project. Here, HSS: High Strength Steel; ICE: Internal Combustion Engine; STEPS: Stated Policies Scenario; APS: Announced Pledges
Scenario; EV30@30: campaign under Electric Vehicle Initiative; LFP: Lithium Iron Phosphate; NMC811: Nickel Manganese Cobalt Oxide (80% Nickel, 10% Man-
ganese, 10% Cobalt); Co: Cobalt; Cu: Copper; Li: Lithium; Ni: Nickel; Mn: Manganese.
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Analysis (DMFA), which captures stock-flow dynamics, temporal
changes, and mode-specific saturation limits. Compared with static MFA
or econometric models (Jones et al., 2020; Lipman and Maier, 2021;
TandE, 2017; Tintelecan et al., 2020), DMFA is better suited to India’s
rapidly changing EV landscape. The analysis evaluates India’s passenger
transport electrification from 2022 to 2050 under STEPS, APS, and
EV30@30 across five major modes: trains, buses, auto-rickshaws, cars,
and two-wheelers. It answers four research questions: RQ1: How would
India’s EV stock evolve under the three scenarios? RQ2: What is the
associated charging infrastructure? RQ3: What is the associated battery
demand? RQ4: What is the associated CRM demand for EVs, chargers,
and batteries? The findings can offer insight into how India’s structur-
ally diverse EV transition shapes long-term CRM requirements and how
adoption patterns may influence infrastructure planning. The results
provide evidence on the scale of India’s material demand during
large-scale electrification and underscore the importance of
CRM-focused planning for transport transitions in emerging economies.
These insights are also relevant for other populous emerging economies
with comparable mobility structures. The following section details the
development of the model, data, and assumptions; Sections 3 and 4
present the findings and discuss their implications; and the final section
concludes the study.

2. Model development and data
2.1. Focus and scope

The study models the electrification of five passenger transportation
modes in India (Fig. 1): trains, buses, auto-rickshaws, cars, and two-
wheelers. Other passenger modes with limited electrification potential
or minimal CRM relevance are excluded. This selection aligns with na-
tional EV policies such as FAME and NEMMP (Das et al., 2021; MoHI,
2022; NEMMP, 2020). The base year is 2022 due to data availability,
2030 represents India’s short-term Nationally Determined Contributions
(NDC) commitments, and 2050 represents the horizon year to evaluate
long-term trends (Das et al., 2021; [EA, 2019, 2023; UNFCCC, 2016).

2.2. Passenger transportation data

Historical vehicle registration data were obtained from Indian Rail-
ways (2020b, 2020a) and MoSPI (2017). Vehicle ownership trends were
projected using the Gompertz model (Singh et al., 2020), which captures
S-shaped growth and saturation dynamics. Estimation of the model
parameters allows projection of ownership levels and expected satura-
tion timing:

Vy = yemem @

Linearizing by taking the natural logarithm twice:
In (m(v;*m)) =In (In(y)) + In(a) + B,,GDP, @

There is no standard method to estimate saturation levels. While
some studies use the S-curve growth function, most rely on rules of
thumb, such as one car per family or per capita vehicle ownership (Das,
2010). In this study, saturation levels are based on existing literature on
India that considers the average number of cars per household, the
seating capacities of auto rickshaws, and historical vehicle ownership
rates relative to GDP per capita in other Asian countries for
two-wheelers (Das, 2010; Singh et al., 2020). Therefore, ‘V*m,,t is pro-
jected vehicle ownership per 1000 people at time ‘t’ for mode ‘m’. ¢y’ is
the saturation level (200 for cars, 300 for two-wheelers, and 120 for
auto-rickshaws) (Das, 2010; Singh et al., 2020). Mass public trans-
portation is running at capacity, so no saturation is assumed for trains
and buses. ‘a,,” and ‘g,,” are shape parameters estimated from historical
data. ‘GDP,’ is India’s Gross Domestic Product (IMF, 2019; MoEFCC,
2023).
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2.3. Vehicle obsolescence

Annual vehicle obsolescence is estimated using a logistic survival
function (Eq. (3)) (Pandey and Venkataraman, 2014; Yan et al., 2011).
This function, ‘O, evaluates vehicle survival rates based on shape
factor ‘6, and median retirement age ‘Rson,’ (Lakshmi et al., 2014;
Pandey and Venkataraman, 2014).

1

o deC))

Cumulative obsolescence, tracked up to the horizon year, is repre-
sented by ‘O™ (Eq. (4)),

Oim = 3

t
Ofl:;" = Z Yy X Ot,y‘m (4)
y

2.4. Electrification growth

This study assesses EV growth in India using STEPS, APS, and
EV30@30 pathways, characterized by their specific 2030 EV sales tar-
gets (refer to Table S2 in SI-I). A two-step approach is employed to es-
timate EV stock and sales by 2050. First, EV sales are projected up to
2030 based on the respective sales targets for each pathway. Then, these
projections are further extended to 2050 by assuming that the projected
growth rate in yearly sales ‘Gp,’ matches the year-on-year increase
observed between 2029 and 2030:

Yim=Yeam X (1+Gn) (5)
Cumulative EV stock ‘S, .’ is calculated as:

Sim = Secim + Yom — OF ©®
2.5. Charging infrastructure
Charging infrastructure to support EVs distinguishes between slow

chargers (SC) and fast chargers (FC). Annual additions of individual SC
and FC sockets in year t are estimated using Eqs. (7) and 8:

Yo

SC, = ;N—sam )
Yem

FC= D Roon ®

m

Here, SC, and FC, denote the number of new SC and FC sockets
required in year t. ‘Nsc,,” and ‘Nrcn’ represent time-varying national-
scale provisioning ratios (EVs per public charger) for each mode, based
on the national-scale provisioning ratios developed in this study (see SI-I
Section 2.5 for detailed methodology and year-wise values). These ratios
are calibrated using international EV-per-public-charger benchmarks
and India-specific usage patterns, so utilisation and charging behaviour
are reflected through the gradual increase in EVs per charger as the
system matures.

2.6. Battery demand

Battery demand is estimated using a database on battery capacities in
current models in India (Table S8 in SI-I) (Gode et al., 2021). Assuming
each battery lasts the entire vehicle lifespan aligns with trends in battery
longevity (Sagaria et al., 2021). It also anticipates improvements in
vehicle efficiency (Berjoza and Jurgena, 2017; Das et al., 2022a; Duan
et al., 2018; Shiau et al., 2009), incorporating improved vehicle effi-
ciency in km/kWh till 2050 (Das et al., 2022a). Annual new battery
demand ‘B, is calculated by Eq. (9). Here, ‘Y;,,” is EV sales and ‘B; " is
the battery capacity for each mode.
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Ba,, = > (Yim X Bim) ©)

m

2.7. CRMs for EVs

Metals essential for EV manufacturing, include cobalt, copper,
lithium, nickel, and manganese (Chadha and Sivamani, 2021; Gallo
et al., 2022; International Copper Association, 2017; Knehr et al., 2022),
all except manganese included in India's CRM list (Ministry of Mines,
2023). Nonetheless, given that the CRM lists from the United States
(US), the European Union (EU), and Australia (Australian Government,
2023; European Commission, 2023; Hendrix, 2023; U.S. Geological
Survey, 2022) include manganese and India's import reliance (Chadha
and Sivamani, 2021; Ministry of Mines, 2023), it is included in the
assessment (Table S9 in SI-I). They together constitute the five CRMs
analysed in this study.

The study quantifies CRM demand in EVs, chargers, and batteries.
CRM demand in EVs (excluding batteries) is estimated by calculating
standard material weights for each EV type, distributing them among
primary materials (mild steel, high-strength steel, cast iron, cast
aluminium, wrought aluminium, and copper) (Das et al., 2022a, 2022b).
Aggregated CRMs are identified in parts per million (ppm) for these
materials (Lovik et al., 2021). The total annual CRM demand for EV
components (excluding batteries) is calculated using Eq. (10). Here,
‘Mat_Shy,," denotes the share of material “mat” in each vehicle type “m”,
and c represents the specific CRM (lithium, cobalt, nickel, manganese, or
copper).

CRM, Veh,Tot __ CRM, Veh __
CRM, VBTt — N " QER VM =N " " (Yem) X Mat_Shuaem X CRMat.c ppm-

m m mat

(10

For chargers, CRM content for each SC and FC is sourced from
literature (International Copper Association, 2017). The total CRM re-
quirements for chargers in year ‘t’ is calculated using Eq. (11).

CRM. CharTot — ™ (SC, x CRMiscekg) + (FCe X CRMirg ckg) 11

t.c
c

Battery CRM demand is based on current technologies and energy
density values (Knehr et al., 2022). Lithium iron phosphate (LFP) bat-
teries are chosen for buses, auto-rickshaws, and two-wheelers (Walvekar
et al., 2022; Yang et al., 2021), while Nickel Manganese Cobalt 8:1:1
(NMC811) batteries are used for cars (Dunn et al., 2021; Xiong et al.,
2019) (Table S10 and S11 in SI-I). The total CRM demand for batteries is
calculated by Eq. (12).

CRM. Bt Tot — % "N " QIR P =™ "By, X CRMparm e kg/iown (12)
c

m ¢ m

CRM demand aggregates each CRM's demand across EV components,
chargers, and batteries using Eq. (13).

CRM., Tot CRM, Veh,Tot CRM, Char,Tot CRM, Bat,Tot
t,c o= t,c e + t,c o +Qt.: o (13)

2.8. Methodological consideration

In addition to comparing STEPS, APS, and EV30@30, we assess
robustness of CRM outcomes using a structured sensitivity analysis
around the APS pathway. APS is used as the baseline because it repre-
sents a policy-delivery case in which all announced climate and energy
targets are implemented in full and on time, providing a policy-relevant
central reference scenario. The study applies (i) a multi-factor sensitivity
in which key uncertain assumptions are varied jointly to represent
conservative and progressive futures and (ii) one-factor-at-a-time
(OFAT) tests in which each assumption is varied individually while
others are held at baseline. The parameters tested include mode-specific
saturation ceilings, battery chemistry shares, copper intensity per
charger, batteries per vehicle over lifetime (replacement/extended life),
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post-2030 sales growth extrapolation, and secondary supply share
(recycling). Baseline results should be interpreted as conditional out-
comes under a continuation parameterisation; sensitivity cases provide
bounded deviations around this baseline (numeric outputs in SI-II). The
assumed secondary supply share represents a system-level net-primary
adjustment and may include recycled material from other domestic
scrap streams (Cu, Ni, Mn) and international EV recycling markets (Li,
Co), rather than solely Indian EV end-of-life flows. The sensitivity design
and parameter ranges are documented in SI-I Section 2.8, and the results
are summarised in Fig. 6.

3. Results
3.1. Electric vehicle demand

To address RQ1, India’s passenger EV market evolution across all
modes under the three scenarios is examined (Fig. 2). Growth slows as
each mode approaches its ownership saturation ceiling. New train ad-
ditions are already fully electrified in 2022, and the electric train fleet
reaches 58% in 2030 (10,860 units), continuing to increase gradually
toward near-complete stock electrification by 2050. This slower stock
turnover occurs because trains remain in service for several decades.
Electric-bus sales grow from 4900 units in 2022 to 40,000-50,000 units
in 2030, representing 20-25% of registrations, and increase by a further
factor of about three between 2030 and 2050. No saturation ceiling is
imposed for buses, as fleet size is determined by service requirements
rather than ownership patterns. The electric auto-rickshaw segment,
with a fleet share of around 30% in 2022, increases to 50-60% by 2030.
Under EV30@30 scenario, electric auto-rickshaw sales reach 100% by
mid 2040s, and fleet stock increases from 8-10 million units in 2030 to
around 160 million units by 2050, depending on scenario. Consistent
with the ownership ceiling of 120 vehicles per 1000 people, net stock
growth begins to taper from the late-2030s onward as the fleet moves
toward saturation, even while electric sales remain high due to ongoing
replacement demand. Electric car sales reach 1-1.5 million units by
2030, and by 2050, the segment grows nearly an order of magnitude or
more from 2030 levels. The modeled saturation level of 200 cars per
1000 people is not reached in any scenario, and the electric-car stock
continues expanding through 2050. The electric two-wheeler segment
grows from 0.8 million units in 2022 to a 50-72% market share by 2030.
Under all scenarios, two-wheeler electrification reaches 100% of sales
between the mid-2030s and early-2040s. With a saturation level of 300
vehicles per 1000 people, this segment is the first to visibly taper: net
stock growth slows from the mid-2030s as ownership approaches satu-
ration, while electric sales remain substantial primarily because of
replacement demand. Across all modes, ownership saturation acts as a
structural constraint on long-run stock growth. Differences between
scenarios narrow over time, with APS and EV30@30 showing higher
early growth than STEPS but converging toward more similar stock
levels by 2050 because of saturation tapering in the two- and three-
wheeler segments. By 2050, auto-rickshaws and two-wheelers
approach their saturation ceilings, while cars, buses, and trains remain
below modeled thresholds. These saturation levels determine the long-
term size of each fleet and directly influence the associated demand
for chargers, batteries, and CRM.

3.2. Charger and battery demand

To address RQ2 and RQ3, Fig. 3 presents the growth of SCs, FCs, and
battery demand across modes and scenarios. In 2022, SC demand is
dominated by electric auto-rickshaws, accounting for 56% of all SCs. As
two-wheelers and cars increase their EV shares, these modes account for
most SC growth over time. By 2030, total SC demand increases by 6-9
times compared to 2022, with two-wheelers and auto-rickshaws making
up to 87% of all SCs. By 2050, two-wheelers account for 36-50% of SC
demand, with auto-rickshaws and cars making up most of the
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Fig. 2. Projected EV adoption in India (2022-2050) across passenger transport modes under three scenarios: STEPS (green), APS (orange), and EV30@30 (blue).
Panels a), ), e), g), and i) show EV stock and fleet share; b), d), f), h), and j) show annual EV sales (“put on market”) and market share for trains, buses, auto-
rickshaws, cars, and two-wheelers. Solid lines indicate absolute numbers (left axis), dotted lines show percentage shares (right axis).

remainder. FC demand is low in 2022, with around 1700 units, mainly
for buses. By 2030, FC demand increases to 18,000-30,000 units, and by
2050 rises further by a factor of about five or more. Electric cars account
for 80-86% of FC demand by 2050, reflecting their higher fast-charging

requirements relative to other modes.

Battery demand increases across all modes. By 2030, electric cars
contribute 30-42% of total new battery demand, while two-wheelers
contribute 45-54%. By 2050, electric cars account increases to
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and EV30@30: campaign under Electric Vehicle Initiative.

62-74% of total battery demand, with two-wheelers contributing the
next largest share. Across all years, the EV30@30 scenario produces the
highest charger and battery demand, followed by APS and then STEPS.

3.3. CRM demand

To address RQ4, CRM demand is quantified across all materials and
scenarios (Fig. 4). Cobalt demand rises from 79 tonnes in 2022 to more
than 50 times higher by 2050 under STEPS and to nearly double that
level under APS and EV30@30. This increase is driven by the growing
battery demand in cars using NMC batteries. Copper demand for EVs
(excluding batteries) increases by 40-60 times by 2050 compared to
2022. Copper demand in batteries increases by 60-90 times, and copper

used in chargers grows by 24-39 times. Copper demand rises due to the
expansion of EV stock, larger battery capacities, and higher charger
deployment. Lithium demand grows around 100 times by 2050 under
STEPS and almost doubles under EV30@30, reflecting the increase in
total battery capacity installed each year. Nickel demand increases from
slightly over 650 tonnes in 2022 to more than 16 times the 2030 level of
20-41 thousand tonnes by 2050 in all scenarios. This growth is deter-
mined by the rise in long-range EVs requiring higher nickel content per
kWh. Manganese demand increases 45-fold by 2050 under STEPS, and
battery-related manganese demand grows from around 79 tonnes in
2022 to nearly 20 times the 2030 level by 2050. Under APS and
EV30@30, manganese demand is almost twice that of STEPS. Across all
CRM:s, scenario differences widen after 2030, with EV30@30 showing
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Fig. 4. Projected demand for the five critical raw materials (CRMs) assessed in this study under STEPS, APS, and EV30@30 scenarios for 2022, 2030, and 2050.
Panels show metals in EVs (top), chargers (middle), and batteries (bottom): cobalt (blue), copper (brown), lithium (green), nickel (purple), and manganese (orange).
Here, STEPS: Stated Policies Scenario; APS: Announced Pledges Scenario; and EV30@30: campaign under Electric Vehicle Initiative.

the highest material requirements, followed by APS and then STEPS. 3.4. Comparison with global demand

Extending RQ4, India’s projected CRM and EV-related demands are
compared with 2022 global production levels (Fig. 5). The results show
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Fig. 5. This figure presents a heatmap comparison of India's STEPS, APS, and EV30@30 for projections in 2030 and 2050 with global 2022 level. The categories
included in this comparison include different types of passenger transportation EVs (electric buses, auto-rickshaws, cars, and two-wheelers), chargers (slow and fast),
battery capacity, and critical raw materials (CRMs) such as cobalt, copper, lithium, nickel, and manganese. The 2022 global production values for the selected CRMs
are from (USGS, 2022). These 2022 values serve as a fixed reference baseline and do not represent assumed future production levels. The Y-axis lists these categories,
while the X-axis represents different scenarios, with 2022 (Global) as the baseline, showing absolute global values from that year. The color coding reflects the
percentage of 2022 global levels India is to achieve, with green indicating lower percentages (below the baseline) and red indicating higher percentages (exceeding
the baseline). The percentages in each cell show how much of the 2022 global benchmark India reaches. Note: This comparison does not include electric trains due to
a lack of global data. Here, STEPS: Stated Policies Scenario; APS: Announced Pledges Scenario; and EV30@30: campaign under Electric Vehicle Initiative.

that several EV categories in India reach substantial shares of global
CRM use by 2030 and 2050. Electric auto-rickshaws reach up to 26-28
times the 2022 global reference level by 2050, reflecting their large
projected stock. Electric cars reach around 20 times the global reference
level. Electric buses increase to around 3 times, and electric two-
wheelers reach around six times the 2022 global level. For charging
infrastructure, slow chargers reach up to 3 times the 2022 global
benchmark by 2050 under EV30@30. Fast chargers remain below the
global benchmark, reaching around 50% of the 2022 global level. Bat-
tery demand reaches about twice the 2022 global reference level by
2050 in all scenarios. CRM requirements also rise relative to global
benchmarks. Lithium, copper, and nickel demand each reach around
double the 2022 global level by 2050. Cobalt demand approaches the
same level as the 2022 global benchmark, while manganese demand
remains below 10% of the global reference. The comparison illustrates
the scale of India’s prospective demand relative to today’s supply.
Future growth in global mining and refining capacity would reduce
India’s percentage shares relative to actual 2050 output, but the pro-
jected order of magnitude still signals that India could become a major
demand centre for these CRMs.

3.5. Sensitivity analysis

The sensitivity analysis confirms that the qualitative conclusions are
robust: by 2050, lithium, copper, and nickel remain the dominant
pressure points on future global supply, while manganese remains
comparatively low. In the multi-factor cases, conservative assumptions
increase 2050 demand substantially across cobalt, lithium, and nickel,
whereas progressive assumptions reduce primary demand strongly,
particularly for cobalt and nickel. OFAT results show that saturation
ceilings and battery lifetime/replacement assumptions are among the
strongest drivers of 2050 outcomes, while battery chemistry primarily
affects cobalt and nickel, and charger copper intensity has a minor effect

at the system level. Full parameter definitions and results are provided
in SI-I Section 2.8 and Fig. 6.

4. Discussions
4.1. Electric vehicle demand

India’s EV demand trajectory reflects the combined influence of its
multi-modal mobility structure, saturation dynamics, and variation
across electrification pathways. Two-wheelers and auto-rickshaws
dominate India’s passenger fleet today (MoRTH, 2020), and therefore,
electrify the earliest. This mirrors patterns in Southeast Asian markets,
where underlying affordability constraints and short-range travel pat-
terns drive the adoption of small vehicles in early EV diffusion (Gupta
et al., 2023; TERI, 2019). In our results, these two modes move toward
their ownership saturation ceilings relatively early, with net stock
growth tapering as the ceilings are approached, leading to rapid early
growth followed by a slowdown once fleet turnover becomes the pri-
mary source of new EV additions. This shift from expansion to
replacement illustrates how saturation operates as a structural
constraint rather than simply an upper bound. The findings, therefore,
highlight the importance of using saturation-aware stock-flow model-
ling for countries with heterogeneous fleets; diffusion-only approaches
may overestimate long-term EV uptake if structural limits are ignored, as
shown in previous material stock assessments (Jones et al., 2020;
Watari, McLellan, et al., 2019). These dynamics contrast sharply with EV
pathways in car-centric markets such as the US and the EU, where
modelling studies typically assume continuous increases in car owner-
ship and do not impose mode-specific saturation limits (Ghandi and
Paltsev, 2020; Milovanoff et al., 2020). In those regions, long-term EV
adoption primarily reflects technology diffusion within a single domi-
nant mode (light-duty vehicles). In India, early saturation in small ve-
hicles and continued growth in cars produce a dual-rate transition that
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Sensitivity analysis: multi-factor cases (top) and OFAT ranges at 2050 (bottom)
Values are expressed as % of global 2022 production (global 2022 = 100%)
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Fig. 6. Sensitivity analysis summary for India’s CRM demand (relative to global 2022 production; global 2022 = 100%). Panels a-b show multi-factor sensitivity
results under the APS baseline, where key assumptions are varied jointly to form four internally consistent cases: MC (moderately conservative) and HC (highly
conservative), representing higher primary material pressure and weaker circular economy progress; and MP (moderately progressive) and HP (highly progressive),
representing stronger innovation and circularity. Values in each cell report India’s annual demand for each CRM expressed as a percentage of global 2022 production
in the corresponding year. Panel a reports 2030 outcomes; panel b reports 2050 outcomes. Green indicates lower values and red indicates higher values within the
panel-specific scales. Panels c-g show one-factor-at-a-time (OFAT) sensitivity at 2050, expressed as percentage change relative to the APS baseline for each CRM. In
each OFAT test, one assumption is varied to a high extreme (HC extreme) or low extreme (HP extreme) while all other assumptions remain at baseline. The plotted
range, therefore, represents the effect of that single assumption on 2050 demand. The tested parameters are SAT (saturation ceilings), CHEM (battery chemistry
shares), BAT-LIFE (batteries per vehicle over lifetime), CU-CH (copper content per charger), GROW (post-2030 sales growth), and REC (secondary supply share).
Endpoint markers denote the low (HP) and high (HC) extremes. Definitions and parameter ranges for MC/HC/MP/HP and for OFAT extremes are provided in SI-I
Section 2.8. The underlying numeric values are provided in SI-II (Excel), sheets “Figure 6(a,b)” and “Figure 6(c-g)”.

differs fundamentally from car-based systems.

Electric cars, by contrast, remain far from saturation even by 2050
(Srivastava et al., 2022). Consequently, they become the strongest
long-term driver of growth in batteries and CRMs, as they require larger,
higher-energy-density batteries with greater nickel, lithium, and copper
intensities (Dunn et al., 2021; Xu et al., 2020). Similar global assess-
ments show that long-range cars dominate cumulative CRM demand
even when they form a smaller share of total EVs (Habib et al., 2020;
Hache et al., 2019). For India, this indicates that while early electrifi-
cation is carried by two- and three-wheelers, the long-term material
demand depends increasingly on car adoption trajectories. Buses and
trains show a different pattern due to long lifetimes and public-sector
ownership. Even when sales become fully electric, stock electrification
proceeds slowly because retirement cycles span decades. This lag is
consistent with observations from large public fleets in China and
Europe (IEA, 2024). Their trajectory, therefore, reflects procurement
and infrastructure planning rather than consumer adoption, indicating
that public-fleet electrification depends on coordinated long-term
investment.

These results have three implications for India. First, early tapering

toward saturation of two-wheelers and auto-rickshaws limits long-term
uncertainty in these modes, shifting scenario divergence toward cars,
where sales differences remain substantial by 2050. Second, because car
batteries dominate CRM requirements globally (Milovanoff et al., 2020;
Xu et al., 2020), India’s future material demand is sensitive to car up-
take, even if smaller vehicles electrify more quickly. Third, India’s
structurally diverse system means that electrification trajectories differ
fundamentally from those in the EU or US, and applying car-centric
projections would misrepresent long-term resource and infrastructure
needs. Fourth, a key implication of these findings is that even when sales
reach full electrification, fleet transitions continue slowly because leg-
acy ICE vehicles remain in operation for extended periods. This phe-
nomenon is also documented in the EU and North America, where EV
adoption outpaces stock turnover (Cazzola et al., 2023; IEA, 2024;
Roca-Puigros et al., 2023). For India, this dual system means that
long-term planning must accommodate both an expanding EV fleet and
a diminishing but persistent conventional fleet. Finally, the findings
underscore a methodological point: dynamic stock—flow analysis with
explicit saturation constraints captures India’s fleet evolution more
accurately than models based solely on sales trends or technology
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diffusion. Without accounting for saturation and heterogeneous life-
times, EV stock growth would be overstated, and the timing of infra-
structure and CRM requirements mischaracterised (Abdul-Manan et al.,
2022; Jones et al., 2020; Watari et al., 2019a). For large emerging
economies undergoing rapid, multi-modal electrification, integrating
saturation and turnover dynamics is therefore essential for realistic
planning.

4.2. Charging and battery demand

India’s charging and battery demand patterns reflect the structural
characteristics of its diverse EV transition. The expansion of SCs is driven
primarily by two-wheelers and auto-rickshaws, which dominate the EV
fleet and rely heavily on low-power home and neighbourhood charging.
Similar SC-heavy transitions have been observed in Southeast Asian
cities with comparable mobility and affordability constraints (Gupta
et al., 2023; TERI, 2019). As these modes approach saturation, the
relationship between new charger deployment and EV growth becomes
less linear, making utilisation efficiency increasingly important. In
contrast, electric cars shape the long-term growth of FCs and battery
demand because of their larger battery capacities and longer-range
usage. This aligns with patterns in Europe, China, and North America,
where private cars drive most of the need for FC networks and
high-capacity batteries (Baumgarte et al., 2021; Golab et al., 2022; IEA,
2023). For India, the key difference is timing: FC demand rises from a
low baseline and must be integrated into an infrastructure system his-
torically built around small vehicles and SCs. These structural di-
vergences lead to distinct infrastructure challenges. FC-intensive
systems in Europe and the U.S. face peak-load stress and require sub-
stantial grid reinforcement (Baumgarte et al., 2021; Town et al., 2022).
India instead faces the possibility of SC overcapacity if charger rollout
exceeds the slower post-saturation growth of two-wheelers and
auto-rickshaws. Evidence from international charging markets indicates
that overprovisioning can create stranded assets when early-adopting
modes plateau (Bianchin et al., 2021). Balancing early deployment
with long-term utilisation is therefore essential, particularly for SCs.

Battery demand trajectories further differentiate India from car-
dominated EV systems. While electric cars become the largest contrib-
utors to total battery demand, consistent with global findings that long-
range cars dominate cumulative CRM requirements (Habib et al., 2020;
Xu et al., 2020), India continues to require large volumes of small,
low-cost batteries for two- and three-wheelers. Consistent with the Re-
sults, two-wheelers dominate new battery demand around 2030, while
cars become dominant by 2050 because of much larger pack sizes
(Fig. 3). This dual demand structure contrasts with the EU or U.S., where
light-duty vehicles (LDVs) largely determine battery market dynamics
(Rottoli et al., 2021; Sockeel et al., 2021). India’s manufacturing
ecosystem must therefore scale in two directions: high-volume produc-
tion of compact batteries and gradual expansion of capacity for large
automotive packs. These outcomes highlight methodological implica-
tions. Incorporating  mode-specific  saturation levels and
charger-to-vehicle utilisation ratios into DMFA avoids overestimation of
SC needs and underestimation of FC growth. Static assumptions, by
contrast, would misrepresent infrastructure requirements and distort
long-term CRM assessments. The results, therefore, reinforce the
importance of dynamic, mode-linked modelling for emerging economies
with diverse passenger transport fleets.

4.3. CRM demand

India’s CRM demand trajectory illustrates how electrification in a
structurally diverse transport system generates large, long-term material
requirements even when many vehicles are relatively small and
resource-efficient. This outcome arises because aggregate CRM needs
are shaped not only by per-unit intensities but also by fleet size, turn-
over, and battery chemistry. As electrification expands, cumulative
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demand for lithium, cobalt, nickel, manganese, and copper rises across
all scenarios, reflecting broader global findings that EV transitions
significantly increase CRM requirements (Habib et al., 2020; Hache
et al., 2019; Jones et al., 2020; Lgvik et al., 2021; Song et al., 2019).
Across all years and scenarios, batteries contribute nearly all lithium,
nickel, and cobalt demand and more than 95% of manganese demand,
while vehicle bodies supply approximately 73-81% of copper demand
and chargers contribute less than 0.4%, confirming that battery chem-
istries overwhelmingly determine overall CRM trajectories. These re-
sults matter because they show that India’s resource pressures grow
even when early electrification is led by two-wheelers and
auto-rickshaws, segments typically viewed as materially light. While
cross-mode behavioural shifts could influence long-term CRM re-
quirements, such interactions lie outside the scope of this national-scale
stock-flow model.

The long-term shift in CRM pressure from small vehicles toward
electric cars is particularly important. As two-wheelers and auto-
rickshaws taper toward saturation, their CRM contributions level off,
making cars and buses the dominant drivers of future material demand.
Cars require higher-capacity batteries, most commonly NMC-based
chemistries rich in nickel, cobalt, and lithium (Dunn et al., 2021; Xu
et al., 2020). This mirrors global evidence that long-range EVs dispro-
portionately shape cumulative CRM requirements despite forming a
smaller share of total EVs (Habib et al., 2020; Hache et al., 2019). For
India, this means that even moderate shifts in car adoption rates can
significantly alter long-term national CRM needs. Copper becomes
increasingly critical because it is required in EVs, batteries, and chargers
(Backhaus, 2021; International Copper Association, 2017), while man-
ganese gains importance through continued use of LFP chemistries in
two- and three-wheelers and buses (Walvekar et al., 2022; Yang et al.,
2021).

Global comparison reinforces India’s strategic importance. India’s
CRM requirements for lithium, nickel, cobalt, and copper could reach
substantial shares of today’s global production by 2050, indicating that
India’s demand may also tighten international CRM markets through
stronger competition for supply, similar to other populous emerging
economies, where affordability and multi-modal travel drive EV tran-
sitions (Gupta et al., 2023; TERI, 2019). Such transitions differ from
car-centric regions like the US and EU, where CRM demand largely
scales with LDV electrification and where saturation constraints are
rarely binding (Ghandi and Paltsev, 2020). India’s combination of rapid
early adoption in small vehicles and slower but more resource-intensive
growth in cars makes its CRM trajectory distinct. Countries with com-
parable demographic and mobility patterns, such as Indonesia, Nigeria,
and Ethiopia, may exhibit similar demand structures as they electrify.

The sensitivity analysis indicates that long-term CRM outcomes are
most sensitive to assumptions controlling system-scale stock and turn-
over, particularly saturation ceilings and battery lifetime/replacement,
whereas battery chemistry mainly shifts cobalt and nickel demand
(Figure 6; SI-I Section 2.8). In contrast, assumptions on copper content
per charger have a minor effect at the system level. This implies that the
strongest levers to reduce India’s primary CRM exposure are measures
that limit long-run growth in demand management, durability stan-
dards, chemistry shifts pathways, and circular strategies that reduce
cobalt and nickel intensity and increase the use of secondary materials.

These patterns carry important policy implications. Across scenarios,
EV30@30 produces the highest CRM demand and STEPS the lowest
(Figs. 4-5), with lithium, copper, and nickel emerging as the main long-
run constraints by 2050 (approaching or exceeding the 2022 global
benchmark in APS/EV30@30; Fig. 5). Manganese remains compara-
tively low in this assessment (Figs. 4-6), but India’s import reliance still
supports planning for domestic utilisation and downstream processing
where feasible. Since batteries dominate lithium, nickel, and cobalt
demand while vehicle bodies dominate copper (Fig. 4), policy should
prioritise (i) battery-material supply security and (ii) copper-efficient
vehicle and component value chains. Given the sensitivity ranking
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(Fig. 6), the strongest risk-reduction levers are those that affect long-run
stock and turnover (e.g., demand management and longer service life)
and those that reduce battery replacement intensity (battery durability,
repairability, and second-life pathways). Chemistry pathways mainly
affect cobalt and nickel (Fig. 6), supporting targeted incentives and
standards that accelerate lower-cobalt and lower-nickel options where
feasible without shifting burdens elsewhere. For charging infrastructure,
mode-specific standards aligned with utilisation-based national ratios
(Tables S4-S7) can reduce the risk of slow-charger overbuild as two- and
three-wheeler growth tapers, while ensuring adequate fast-charging
rollout for cars and buses (Fig. 3). Spatial prioritisation of mining re-
gions is outside the scope of this national stock—flow model; however,
the results indicate which materials and segments should be prioritised
for supply agreements, domestic processing, and staged recycling in-
vestment. India’s high import dependence for lithium, cobalt, and cop-
per (Chadha and Sivamani, 2021; Ministry of Mines, 2023) means that
rising CRM needs must be matched with diversified sourcing strategies,
long-term international partnerships, and clear domestic industrial
pathways. While recycling can eventually ease pressure on primary
supplies, recycling technologies for CRM recovery from EV batteries,
motors, and power electronics remain technologically immature and are
not deployed at scale, thus primary supply remains the dominant
concern through most of the modelling horizon (Das et al., 2022a;
Dhairiyasamy et al., 2024; UN DESA, 2025). Methodologically, the CRM
outcomes highlight the value of a dynamic material flow approach that
explicitly incorporates saturation, turnover, and mode-specific battery
chemistries. Models relying solely on aggregate EV counts or static CRM
intensities tend to mischaracterize long-term pressures, particularly in
multi-modal systems where the CRM-dominant segment shifts over time
(Jones et al., 2020; Watari et al., 2019a). By integrating structural
saturation dynamics and heterogeneous vehicle pathways, this analysis
provides a more realistic material demand outlook for India and offers a
transferable framework for other emerging economies undergoing
large-scale electrification.

5. Conclusions

This study assessed the electrification of India’s passenger transport
system from 2022 to 2050 using a saturation-aware dynamic material
flow model across five major modes. The findings demonstrate that In-
dia’s transition is shaped by its multi-modal mobility structure, with
two-wheelers and auto-rickshaws electrifying earliest and showing
tapering net stock growth from the mid-2030s as they approach their
ownership saturation ceilings under the more ambitious pathways. In-
dia’s mobility structure, which is dominated by two- and three-
wheelers, creates electrification dynamics that differ fundamentally
from the car-centric pathways observed in developed markets. As these
small-vehicle segments plateau, electric cars continue expanding across
the entire modelling horizon and become the primary long-term driver
of battery requirements and CRM requirements, while buses and trains
electrify more gradually because of their long service lifetimes.

These dynamics translate into distinct infrastructure needs and, more
critically, increasing CRM requirements that shape the feasibility of
large-scale electrification. Slow chargers dominate India’s charging
landscape because two-wheelers and auto-rickshaws remain the largest
EV categories through 2050, while fast-charging demand grows mainly
with electric cars. Battery demand increases steadily across all scenarios,
and cumulative CRM requirements rise substantially, particularly for
copper, lithium, and nickel. Although smaller vehicles have lower ma-
terial intensities, the overall scale of India’s future EV fleet leads
aggregate CRM demand to approach or exceed today’s global produc-
tion levels for key materials. With domestic end-of-life EV and battery
volumes remaining limited until the late 2030s, primary supply is ex-
pected to dominate India’s CRM demand through most of the transition.

These findings highlight the importance of policies that anticipate
early saturation in two- and three-wheelers, support infrastructure that
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reflects India’s mode mix, and secure long-term access to CRMs through
diversified sourcing and strategic partnerships. Consistent with results,
the most effective levers to reduce India’s primary CRM exposure are
those that target lithium, copper, and nickel supply security, extend
battery lifetime (reducing replacement demand), and accelerate feasible
chemistry and circular-economy pathways that reduce cobalt and nickel
intensity. These measures will be essential for supporting India’s elec-
trification efforts while reducing exposure to global supply constraints.
As the global shift to electric mobility accelerates, effective strategies
must reflect regional differences in mobility patterns, resource avail-
ability, and infrastructure readiness. Insights from diverse national
contexts, including multi-modal systems such as India’s, will be essential
for developing robust and globally relevant electrification pathways.

CRediT authorship contribution statement

Deepjyoti Das: Writing — original draft, Visualization, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization. Maria
Ljunggren: Writing — review & editing, Supervision, Resources, Meth-
odology, Investigation, Conceptualization. Pradip P. Kalbar: Writing —
review & editing, Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors thank the Editor and three anonymous reviewers for
their constructive comments and suggestions, which significantly
improved the quality and clarity of this paper. This research was sup-
ported by Chalmers University of Technology through its Area of
Advance in Production.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.resconrec.2026.108939.

Data availability

Supplementary Information 1 (SI-I) provides data, methods, and
model details. Supplementary Information 2 (SI-II) contains figure data.
The model and base data are available on reasonable request.

References

Abdul-Manan, A.F.N., Gordillo Zavaleta, V., Agarwal, A.K., Kalghatgi, G., Amer, A.A.,
2022. Electrifying passenger road transport in India requires near-term electricity
grid decarbonisation. Nat. Commun. 13 (1), 1-13. https://doi.org/10.1038/541467-
022-29620-x.

Australian Government, 2023. Critical minerals list 2023 update (Issue December). https
://storage.googleapis.com/converlens-au-industry/industry/p/prj2807d5847ce
2bae3896d1/public_assets/critical-minerals-list-2023-update.pdf.

Backhaus, R., 2021. Battery raw materials - where from and where to? ATZelectronics
Worldw. 16 (9), 38-43. https://doi.org/10.1007/s38314-021-0678-8.

Baumgarte, F., Kaiser, M., Keller, R., 2021. Policy support measures for widespread
expansion of fast charging infrastructure for electric vehicles. Energy Policy 156
(May 2021), 112372. https://doi.org/10.1016/j.enpol.2021.112372.

Berjoza, D., Jurgena, I., 2017. Influence of batteries weight on electric automobile
performance. Eng. Rural Dev. 16, 1388-1394. https://doi.org/10.22616/
ERDev2017.16.N316.

Bianchin, C.G., Schmal, R.M., Gati, V., 2021. Electrification on the Brazilian Highway : a
case study. In: 2021 IEEE PES Innovative Smart Grid Technologies Conference - Latin
America (ISGT Latin America), 2, pp. 1-5. https://doi.org/10.1109/
ISGTLatinAmerica52371.2021.9543012.

Cazzola, P., Paoli, L., & Jacob, T. (2023). Trends in the global vehicle fleet 2023: managing
the SUV shift transition and the EV transition. https://doi.org/10.7922/G2HM56SV.


https://doi.org/10.1016/j.resconrec.2026.108939
https://doi.org/10.1038/s41467-022-29620-x
https://doi.org/10.1038/s41467-022-29620-x
https://storage.googleapis.com/converlens-au-industry/industry/p/prj2807d5847ce2bae3896d1/public_assets/critical-minerals-list-2023-update.pdf
https://storage.googleapis.com/converlens-au-industry/industry/p/prj2807d5847ce2bae3896d1/public_assets/critical-minerals-list-2023-update.pdf
https://storage.googleapis.com/converlens-au-industry/industry/p/prj2807d5847ce2bae3896d1/public_assets/critical-minerals-list-2023-update.pdf
https://doi.org/10.1007/s38314-021-0678-8
https://doi.org/10.1016/j.enpol.2021.112372
https://doi.org/10.22616/ERDev2017.16.N316
https://doi.org/10.22616/ERDev2017.16.N316
https://doi.org/10.1109/ISGTLatinAmerica52371.2021.9543012
https://doi.org/10.1109/ISGTLatinAmerica52371.2021.9543012
https://doi.org/10.7922/G2HM56SV

D. Das et al.

Chadha, R., Sivamani, G., 2021. Critical minerals for India: assessing their criticality and
projecting their needs for green technologies. In: Presented during the 25th Annual
Conference on Global Economic Analysis (Virtual Conference); Centre for Social and
Economic Progress (Working Paper). February. https://www.gtap.agecon.purdue.
edu/resources/res_display.asp?RecordID=6507.

Das, D., 2010. Commercial vehicles in Delhi: diesel demand and sulphur emission.

J. Public Transp. 13 (1), 73-95. https://doi.org/10.5038/2375-0901.13.1.5.

Das, D., Kalbar, P.P., Velaga, N.R., 2021. Pathways to decarbonize passenger
transportation: implications to India’s climate budget. J. Clean Prod. 295, 126321.
https://doi.org/10.1016/j.jclepro.2021.126321.

Das, D., Kalbar, P.P., Velaga, N.R., 2022a. Dynamic stock model based assessment of
carpooling in passenger transportation carbon emissions: will avoided trips and
material credits help? Sustain. Prod. Consum. 33, 372-388. https://doi.org/
10.1016/j.spc.2022.07.007.

Das, D., Kalbar, P.P., Velaga, N.R., 2022b. Role of non-motorized transportation and
buses in meeting climate targets of urban regions. Sustain. Cities Soc. 86 (August),
104116. https://doi.org/10.1016/j.scs.2022.104116.

de la Torre Palacios, L., Pelegry, EA., Rodriguez, J.A.E., 2021. The interest of mineral
raw materials in the development of electric vehicles. Green Energy and Technology.
Springer International Publishing. https://doi.org/10.1007/978-3-030-50633-9_8.

Dhairiyasamy, R., Gabiriel, D., Bunpheng, W., Kit, C.C., 2024. A comprehensive analysis
of India’s electric vehicle battery supply chain: barriers and solutions. Discov.
Sustain. 5 (1), 361. https://doi.org/10.1007/s43621-024-00595-7.

Dhar, S., Pathak, M., Shukla, P.R., 2017. Electric vehicles and India > s low carbon
passenger transport : a long-term co-bene fi ts assessment. J. Clean Prod. 146,
139-148. https://doi.org/10.1016/j.jclepro.2016.05.111.

Duan, B, Li, Z., Gu, P., Zhou, Z., Zhang, C., 2018. Evaluation of battery inconsistency
based on information entropy. J. Energy Storage 16, 160-166. https://doi.org/
10.1016/j.est.2018.01.010.

Dunn, J., Kendall, A., Slattery, M., 2022. Electric vehicle lithium-ion battery recycled
content standards for the US - targets, costs, and environmental impacts. Resour.
Conserv. Recycl. 185 (July), 106488. https://doi.org/10.1016/].
resconrec.2022.106488.

Dunn, J., Slattery, M., Kendall, A., Ambrose, H., Shen, S., 2021. Circularity of lithium-ion
battery materials in electric vehicles. Environ. Sci. Technol. 55 (8), 5189-5198.
https://doi.org/10.1021/acs.est.0c07030.

E-AMRIT, 2023. National level policy. Accel. E-Mobil. Revolut. India’s Transp.
https://e-amrit.niti.gov.in/national-level-policy.

European Commission, 2023. Study on the critical raw materials for the EU 2023 - final
report. https://op.europa.eu/en/publication-detail/-/publication/57318397-fdd4-
1led-a05c-0laa75ed71al.

Gallo, M., Moreschi, L., Del Borghi, A., 2022. A critical environmental analysis of
strategic materials towards energy transition. Detritus 20 (20), 3-12. https://doi.
org/10.31025/2611-4135/2022.15223.

Ghandi, A., Paltsev, S., 2020. Global CO2 impacts of light-duty electric vehicles. Transp.
Res. D: Transp. Environ. 87 (September), 102524. https://doi.org/10.1016/j.
trd.2020.102524.

Gode, P., Bieker, G., Bandivadekar, A., 2021. Battery capacity needed to power electric
vehicles in India from 2020 to 2035 (Issue February 2021). https://theicct.org/sites
/default/files/publications/Battery-capacity-ev-india-feb2021.pdf.

Goel, S., Sharma, R., Rathore, A.K., 2021. A review on barrier and challenges of electric
vehicle in India and vehicle to grid optimisation. Transp. Eng. 4 (February), 100057.
https://doi.org/10.1016/j.treng.2021.100057.

Golab, A., Zwickl-Bernhard, S., Auer, H., 2022. Minimum-cost fast-charging
infrastructure planning for electric vehicles along the Austrian high-level road
network. Energies 15 (6). https://doi.org/10.3390/en15062147.

Gupta, R., Hertzke, P., Lath, V., Vig, G., 2023. The real global EV buzz comes on two wheels
(Issue August). https://www.mckinsey.
com/industries/automotive-and-assembly/our-insights/th
e-real-global-ev-buzz-comes-on-two-wheels#/.

Habib, K., Hansdéttir, S.T., Habib, H., 2020. Critical metals for electromobility: global
demand scenarios for passenger vehicles, 2015-2050. Resour. Conserv. Recycl. 154
(November 2019), 104603. https://doi.org/10.1016/j.resconrec.2019.104603.

Hache, E., Seck, G.S., Simoen, M., Bonnet, C., Carcanague, S., 2019. Critical raw
materials and transportation sector electrification: a detailed bottom-up analysis in
world transport. Appl. Energy 240 (November 2018), 6-25. https://doi.org/
10.1016/j.apenergy.2019.02.057.

Hao, H., Geng, Y., Tate, J.E., Liu, F., Chen, K., Sun, X., Liu, Z., Zhao, F., 2019. Impact of
transport electrification on critical metal sustainability with a focus on the heavy-
duty segment. Nat. Commun. 10 (1), 1-7. https://doi.org/10.1038/541467-019-
13400-1.

Hendrix, C.S., 2023. The US Strategy On Critical Minerals Needs Clearer Priorities.
Peterson Institute for International Economics. https://www.piie.com/blogs/realti
me-economics/us-strategy-critical-minerals-needs-clearer-priorities.

IEA, 2019. Global EV Outlook 2019: scaling-up the transition to electric mobility. https
://iea.blob.core.windows.net/assets/7d7e049e-ce64-4c3f-8f23-6e2f529f31a8/Glo
bal EV_Outlook _2019.pdf.

IEA, 2021. India energy outlook 2021. India Energy Outlook 2021. https://doi.org/
10.1787/ec2fd78d-en.

IEA, 2023. Global EV outlook 2023: catching up with climate ambitions. Geo (Issue Geo).

1EA, 2024. Global EV outlook 2024: moving towards increased affordability. htt
ps://www.iea.org/reports/global-ev-outlook-2024.

IMF, 2019. World economic outlook. https://www.imf.org/external/datamapper//e
xport/excel.php?indicator=NGDPD.

Indian Railways, 2020a. Indian railways year book 2019-20. Minist. Railw. (Railw.
Board) Gov. India. https://indianrailways.gov.in/railwayboard/uploads/directora

12

Resources, Conservation & Recycling 231 (2026) 108939

te/stat_econ/Annual-Reports-2019-2020/Year-Book-2019-20-English_Final Web.
pdf.

Indian Railways, 2020b. Railway statistics. http://122.252.243.98/ZRTI1/statistics.pdf.

International Copper Association, 2017. The electric vehicle market and copper demand.
Copp. Aliance. 2 (IDTech), 1-2.

Jones, B., Elliott, R.J.R., Nguyen-Tien, V., 2020. The EV revolution: the road ahead for
critical raw materials demand. Appl. Energy 280 (August 2019), 115072. https://
doi.org/10.1016/j.apenergy.2020.115072.

Kamran, M., Raugei, M., Hutchinson, A., 2021. A dynamic material flow analysis of
lithium-ion battery metals for electric vehicles and grid storage in the UK: assessing
the impact of shared mobility and end-of-life strategies. Resour. Conserv. Recycl. 167
(November 2020), 105412. https://doi.org/10.1016/j.resconrec.2021.105412.

Knehr, K.W., Kubal, J.J., Nelson, P.A., & Ahmed, S. (2022). Battery performance and cost
modeling for electric-drive vehicles: a manual for BatPaC v5.0. 10.2172/1877590.

Kumar, M., Shao, Z., Braun, C., Bandivadekar, A., 2022. Decarbonizing India’s road
transport : a meta-analysis of road transport emissions model. Int. Counc. Clean
Transp. May. 34. https://theicct.org/publication/decarbonizing-india-road-transpo
rt-may22/.

Lakshmi, C.S., Sharma, S., Sundar, S., Bhanot, B., 2014. Establishing a national In-use
vehicle testing programme in India. https://shaktifoundation.in/wp-content/uploa
ds/2017/06/National-in-use-vehicle-testing-programme-in-India.pdf.

Lipman, T.E., Maier, P., 2021. Advanced materials supply considerations for electric
vehicle applications. MRS Bull. 46 (12), 1164-1175. https://doi.org/10.1557/
s43577-022-00263-z.

Lgvik, A.N., Marmy, C., Ljunggren, M., Kushnir, D., Huisman, J., Maury, T., Ciuta, T.,
Mathieux, F., Wager, P., 2021. Material composition trends in vehicles : critical raw
materials and other relevant metals. JRC Tech. Rep. https://doi.org/10.2760/
351825.

Maisel, F., Neef, C., Marscheider-Weidemann, F., Nissen, N.F., 2023. A forecast on future
raw material demand and recycling potential of lithium-ion batteries in electric
vehicles. Resour. Conserv. Recycl. 192 (February), 106920. https://doi.org/
10.1016/j.resconrec.2023.106920.

Majumdar, D., Majhi, B.K., Dutta, A., Mandal, R., Jash, T., 2015. Study on possible
economic and environmental impacts of electric vehicle infrastructure in public road
transport in Kolkata. Clean Technol. Environ. Policy 17 (4), 1093-1101. https://doi.
0rg/10.1007/s10098-014-0868-7.

Milovanoff, A., Posen, 1.D., MacLean, H.L., 2020. Electrification of light-duty vehicle fleet
alone will not meet mitigation targets_sm. Nat. Clim. Chang. 10 (12), 1102-1107.
https://doi.org/10.1038/541558-020-00921-7.

Mines, Ministry of, 2023. Critical minerals for India: report of the committee on
identification of critical minerals. Gov. India (Issue June). https://mines.gov.in/ad
min/storage/app/uploads/649d4212cceb01688027666.pdf.

MOEFCC, 2023. India achieves two targets of nationally determined contribution well
ahead of the time. Press Inf. Bur., 1987752. https://pib.gov.in/PressReleaselframe
Page.aspx?PRID=1987752.

MoHI, 2022. FAME India Scheme Phase II. Government of India. https://fame-india.gov.
in/index.aspx.

MoP, 2022. Charging infrastructure for electric vehicles revised guidelines & standards-
reg. Minist. Power Gov. India. https://powermin.gov.in/sites/default/files/uploads/
Revised_MoP_Guidelines_01_10_2019.pdf.

MOoRTH, 2020. Road transport year book (2019-20). https://morth.nic.
in/sites/default/files/RTYB_Publication_2019_20(1).pdf.

MoSPI, 2017. Motor vehicles — statistical year book India 2017. http://mospi.nic.in/sites
/default/files/statistical year_book_india 2015/Table-20.1_0.xlsx.

NEMMP, 2020. National electric mobility mission plan 2020. Dep. Heavy Ind. Minist.
Heavy Ind. Public Enterp. Gov. India. https://heavyindustries.gov.in/writereaddata/
Content/NEMMP2020.pdf.

NRDC, 2019. Clearing the air : highlighting actions to reduce air pollution in India.
NRDC Int. (Issue February) https://www.nrdc.org/sites/default/files/clearin
g-air-reduce-air-pollution-india-fs.pdf.

Pandey, A., Venkataraman, C., 2014. Estimating emissions from the Indian transport
sector with on-road fleet composition and traffic volume. Atmos., Env. 98, 123-133.
https://doi.org/10.1016/j.atmosenv.2014.08.039.

Raghavan, S.S., Nordelof, A., Ljunggren, M., Arvidsson, R., 2023. Metal requirements for
road-based electromobility transitions in Sweden. Resour. Conserv. Recycl. 190
(November 2022), 106777. https://doi.org/10.1016/j.resconrec.2022.106777.

Roca-Puigros, M., Marmy, C., Wager, P., Beat Miiller, D., 2023. Modeling the transition
toward a zero emission car fleet: integrating electrification, shared mobility, and
automation. Transp. Res. D. 115 (January 2023). https://doi.org/10.1016/j.
trd.2022.103576.

Rosenberg, S., Kurz, L., Huster, S., Wehrstein, S., Kiemel, S., Gl, S., Schultmann, F.,
Reichert, F., Ralf, W., 2023. Combining dynamic material flow analysis and life cycle
assessment to evaluate environmental benefits of recycling — a case study for direct
and hydrometallurgical closed-loop recycling of electric vehicle battery systems.
Resour. Conserv. Recycl. 198 (April). https://doi.org/10.1016/j.
resconrec.2023.107145.

Rottoli, M., Dirnaichner, A., Pietzcker, R., Schreyer, F., Luderer, G., 2021. Alternative
electrification pathways for light-duty vehicles in the European transport sector.
Transp. Res. D: Transp. Environ. 99 (August), 103005. https://doi.org/10.1016/].
trd.2021.103005.

Sagaria, S., Neto, R.C., Baptista, P., 2021. Modelling approach for assessing influential
factors for EV energy performance. Sustain. Energy Technol. Assess. 44 (May 2020),
100984. https://doi.org/10.1016/j.seta.2020.100984.

Shiau, C.-S.N., Samaras, C., Hauffe, R., Michalek, J.J., 2009. Impact of battery weight
and charging patterns on the economic and environmental benefits of plug-in hybrid


https://www.gtap.agecon.purdue.edu/resources/res_display.asp?RecordID=6507
https://www.gtap.agecon.purdue.edu/resources/res_display.asp?RecordID=6507
https://doi.org/10.5038/2375-0901.13.1.5
https://doi.org/10.1016/j.jclepro.2021.126321
https://doi.org/10.1016/j.spc.2022.07.007
https://doi.org/10.1016/j.spc.2022.07.007
https://doi.org/10.1016/j.scs.2022.104116
https://doi.org/10.1007/978-3-030-50633-9_8
https://doi.org/10.1007/s43621-024-00595-7
https://doi.org/10.1016/j.jclepro.2016.05.111
https://doi.org/10.1016/j.est.2018.01.010
https://doi.org/10.1016/j.est.2018.01.010
https://doi.org/10.1016/j.resconrec.2022.106488
https://doi.org/10.1016/j.resconrec.2022.106488
https://doi.org/10.1021/acs.est.0c07030
https://e-amrit.niti.gov.in/national-level-policy
https://op.europa.eu/en/publication-detail/-/publication/57318397-fdd4-11ed-a05c-01aa75ed71a1
https://op.europa.eu/en/publication-detail/-/publication/57318397-fdd4-11ed-a05c-01aa75ed71a1
https://doi.org/10.31025/2611-4135/2022.15223
https://doi.org/10.31025/2611-4135/2022.15223
https://doi.org/10.1016/j.trd.2020.102524
https://doi.org/10.1016/j.trd.2020.102524
https://theicct.org/sites/default/files/publications/Battery-capacity-ev-india-feb2021.pdf
https://theicct.org/sites/default/files/publications/Battery-capacity-ev-india-feb2021.pdf
https://doi.org/10.1016/j.treng.2021.100057
https://doi.org/10.3390/en15062147
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/the-real-global-ev-buzz-comes-on-two-wheels#/
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/the-real-global-ev-buzz-comes-on-two-wheels#/
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/the-real-global-ev-buzz-comes-on-two-wheels#/
https://doi.org/10.1016/j.resconrec.2019.104603
https://doi.org/10.1016/j.apenergy.2019.02.057
https://doi.org/10.1016/j.apenergy.2019.02.057
https://doi.org/10.1038/s41467-019-13400-1
https://doi.org/10.1038/s41467-019-13400-1
https://www.piie.com/blogs/realtime-economics/us-strategy-critical-minerals-needs-clearer-priorities
https://www.piie.com/blogs/realtime-economics/us-strategy-critical-minerals-needs-clearer-priorities
https://iea.blob.core.windows.net/assets/7d7e049e-ce64-4c3f-8f23-6e2f529f31a8/Global_EV_Outlook_2019.pdf
https://iea.blob.core.windows.net/assets/7d7e049e-ce64-4c3f-8f23-6e2f529f31a8/Global_EV_Outlook_2019.pdf
https://iea.blob.core.windows.net/assets/7d7e049e-ce64-4c3f-8f23-6e2f529f31a8/Global_EV_Outlook_2019.pdf
https://doi.org/10.1787/ec2fd78d-en
https://doi.org/10.1787/ec2fd78d-en
http://refhub.elsevier.com/S0921-3449(26)00163-1/sbref0034
https://www.iea.org/reports/global-ev-outlook-2024
https://www.iea.org/reports/global-ev-outlook-2024
https://www.imf.org/external/datamapper//export/excel.php?indicator=NGDPD
https://www.imf.org/external/datamapper//export/excel.php?indicator=NGDPD
https://indianrailways.gov.in/railwayboard/uploads/directorate/stat_econ/Annual-Reports-2019-2020/Year-Book-2019-20-English_Final_Web.pdf
https://indianrailways.gov.in/railwayboard/uploads/directorate/stat_econ/Annual-Reports-2019-2020/Year-Book-2019-20-English_Final_Web.pdf
https://indianrailways.gov.in/railwayboard/uploads/directorate/stat_econ/Annual-Reports-2019-2020/Year-Book-2019-20-English_Final_Web.pdf
http://122.252.243.98/ZRTI1/statistics.pdf
http://refhub.elsevier.com/S0921-3449(26)00163-1/sbref0039
http://refhub.elsevier.com/S0921-3449(26)00163-1/sbref0039
https://doi.org/10.1016/j.apenergy.2020.115072
https://doi.org/10.1016/j.apenergy.2020.115072
https://doi.org/10.1016/j.resconrec.2021.105412
https://doi.org/10.2172/1877590
https://theicct.org/publication/decarbonizing-india-road-transport-may22/
https://theicct.org/publication/decarbonizing-india-road-transport-may22/
https://shaktifoundation.in/wp-content/uploads/2017/06/National-in-use-vehicle-testing-programme-in-India.pdf
https://shaktifoundation.in/wp-content/uploads/2017/06/National-in-use-vehicle-testing-programme-in-India.pdf
https://doi.org/10.1557/s43577-022-00263-z
https://doi.org/10.1557/s43577-022-00263-z
https://doi.org/10.2760/351825
https://doi.org/10.2760/351825
https://doi.org/10.1016/j.resconrec.2023.106920
https://doi.org/10.1016/j.resconrec.2023.106920
https://doi.org/10.1007/s10098-014-0868-7
https://doi.org/10.1007/s10098-014-0868-7
https://doi.org/10.1038/s41558-020-00921-7
https://mines.gov.in/admin/storage/app/uploads/649d4212cceb01688027666.pdf
https://mines.gov.in/admin/storage/app/uploads/649d4212cceb01688027666.pdf
https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1987752
https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1987752
https://fame-india.gov.in/index.aspx
https://fame-india.gov.in/index.aspx
https://powermin.gov.in/sites/default/files/uploads/Revised_MoP_Guidelines_01_10_2019.pdf
https://powermin.gov.in/sites/default/files/uploads/Revised_MoP_Guidelines_01_10_2019.pdf
https://morth.nic.in/sites/default/files/RTYB_Publication_2019_20(1).pdf
https://morth.nic.in/sites/default/files/RTYB_Publication_2019_20(1).pdf
http://mospi.nic.in/sites/default/files/statistical_year_book_india_2015/Table-20.1_0.xlsx
http://mospi.nic.in/sites/default/files/statistical_year_book_india_2015/Table-20.1_0.xlsx
https://heavyindustries.gov.in/writereaddata/Content/NEMMP2020.pdf
https://heavyindustries.gov.in/writereaddata/Content/NEMMP2020.pdf
https://www.nrdc.org/sites/default/files/clearing-air-reduce-air-pollution-india-fs.pdf
https://www.nrdc.org/sites/default/files/clearing-air-reduce-air-pollution-india-fs.pdf
https://doi.org/10.1016/j.atmosenv.2014.08.039
https://doi.org/10.1016/j.resconrec.2022.106777
https://doi.org/10.1016/j.trd.2022.103576
https://doi.org/10.1016/j.trd.2022.103576
https://doi.org/10.1016/j.resconrec.2023.107145
https://doi.org/10.1016/j.resconrec.2023.107145
https://doi.org/10.1016/j.trd.2021.103005
https://doi.org/10.1016/j.trd.2021.103005
https://doi.org/10.1016/j.seta.2020.100984

D. Das et al.

vehicles. Energy Policy 37 (7), 2653-2663. https://doi.org/10.1016/j.
enpol.2009.02.040.

Singh, N., Mishra, T., Banerjee, R., 2020. Projection of private vehicle stock in India up to
2050. Transp. Res. Procedia 48 (2019), 3380-3389. https://doi.org/10.1016/j.
trpro.2020.08.116.

Sockeel, N., Gafford, J., Manjrekar, M., Mazzola, M., 2021. Comparative economic
analysis between LTO and C-ion energy storage system for electric vehicles ultra-fast
charger buffering application. In: 2021 IEEE Transportation Electrification
Conference and Expo, ITEC 2021, pp. 771-775. https://doi.org/10.1109/
ITEC51675.2021.9490173.

Song, J., Yan, W., Cao, H., Song, Q., Ding, H., Lv, Z., Zhang, Y., Sun, Z., 2019. Material
flow analysis on critical raw materials of lithium-ion batteries in China. J Clean Prod.
215, 570-581. https://doi.org/10.1016/j.jclepro.2019.01.081.

Srivastava, A., Kumar, R.R., Chakraborty, A., Mateen, A., Narayanamurthy, G., 2022.
Design and selection of government policies for electric vehicles adoption: a global
perspective. Transp. Res. E: Logist. Transp. Rev. 161 (September 2021), 102726.
https://doi.org/10.1016/j.tre.2022.102726.

T&E, 2017. Electric vehicle life cycle analysis and raw material availability. Transp.
Environ. 19 (11). https://www.transportenvironment.org/wp-content/uploads/20
21/07/2017_10_EV_LCA briefing final.pdf.

Takimoto, H., Kosai, S., Watari, T., Yamasue, E., 2024. Circular economy can mitigate
rising mining demand from global vehicle electrification. Resour. Conserv. Recycl.
209 (May), 107748. https://doi.org/10.1016/j.resconrec.2024.107748.

Taljegard, M., Goransson, L., Odenberger, M., Johnsson, F., 2019. Impacts of electric
vehicles on the electricity generation portfolio — a scandinavian-German case study.
Appl. Energy 235 (March 2018), 1637-1650. https://doi.org/10.1016/].
apenergy.2018.10.133.

TERI, 2019. Faster adoption of electric vehicles in India: perspective of consumers and
industry. New Delhi: Energy Resour. Inst. 53. https://www.teriin.org/project/faster-
adoption-electric-vehicles-india-perspective-consumers-and-industry.

Tintelecan, A., Constantinescu, A., Martis, C., 2020. Literature review - electric vehicles
life cycle assessment. In: 13th International Conference ELEKTRO 2020, ELEKTRO
2020 - Proceedings, 2020-May. https://doi.org/10.1109/
ELEKTR049696.2020.9130289.

Town, G., Taghizadeh, S., Deilami, S., 2022. Review of fast charging for electrified
transport: demand, technology, systems, and planning. Energies 15 (4), 1276.
https://doi.org/10.3390/en15041276.

U.S. Geological Survey, 2022. 2022 Final list of critical materials. Fed Regist 87 (37),
10381-10382. https://www.govinfo.gov/content/pkg/FR-2022-02-24/pdf/2022-04
027.pdf.

13

Resources, Conservation & Recycling 231 (2026) 108939

UN DESA, 2025. Recycling of energy transition critical minerals from waste and scrap :
accelerating the journey to a greener future. Front. Technol. Issues (July). https://po
licy.desa.un.org/publications/frontier-technology-issues-recycling-of-energy-tran
sition-critical-minerals-from-waste.

UNFCCC, 2015. Paris Agreement on Climate Change. CRC Press. https://unfccc.int/sites/
default/files/english_paris_agreement.pdf.

UNFCCG, 2016. India’s Intended Nationally Determined Contributions. https://www4.
unfecce.int/sites/ndcstaging/PublishedDocuments/IndiaFirst/INDIAINDCTOUN
FCCC.pdf.

USGS. (2022). Mineral commodity summaries 2022. https://doi.org/10.3133/mcs2022.
Verma, R., Srivastava, S.K., Narain, A., 2022. Electric vehicles challenges, opportunities,
and future scope: the recent review. Lecture Notes in Mechanical Engineering.

Springer, Singapore. https://doi.org/10.1007/978-981-16-9613-8_35.

Walvekar, H., Beltran, H., Sripad, S., Pecht, M., 2022. Implications of the electric vehicle
manufacturers’ Decision to mass adopt lithium-iron phosphate batteries. IEEE
Access. 10, 63834-63843. https://doi.org/10.1109/ACCESS.2022.3182726.

Watari, T., McLellan, B.C., Giurco, D., Dominish, E., Yamasue, E., Nansai, K., 2019a.
Total material requirement for the global energy transition to 2050: a focus on
transport and electricity. Resour. Conserv. Recycl. 148 (March), 91-103. https://doi.
org/10.1016/j.resconrec.2019.05.015.

Watari, T., Nansai, K., Nakajima, K., McLellan, B.C., Dominish, E., Giurco, D., 2019b.
Integrating circular economy strategies with low-carbon scenarios: lithium use in
electric vehicles. Environ. Sci. Technol. 53 (20), 11657-11665. https://doi.org/
10.1021/acs.est.9b02872.

Xiong, S., Ji, J., Ma, X., 2019. Comparative life cycle energy and GHG emission analysis
for BEVs and PHEVSs: a case study in China. Energies 12 (5), 1-17. https://doi.org/
10.3390/en12050834.

Xu, C., Dai, Q., Gaines, L., Hu, M., Tukker, A., Steubing, B., 2020. Future material
demand for automotive lithium-based batteries. Commun. Mater. 1 (1). https://doi.
org/10.1038/543246-020-00095-x.

Yan, F., Winijkul, E., Jung, S., Bond, T.C., Streets, D.G., 2011. Global emission
projections of particulate matter (PM): I. exhaust emissions from on-road vehicles.
Atmos., Env. 45 (28), 4830-4844. https://doi.org/10.1016/].
atmosenv.2011.06.018.

Yang, X.G., Liu, T., Wang, C.Y., 2021. Thermally modulated lithium iron phosphate
batteries for mass-market electric vehicles. Nat. Energy 6 (2), 176-185. https://doi.
org/10.1038/5s41560-020-00757-7.


https://doi.org/10.1016/j.enpol.2009.02.040
https://doi.org/10.1016/j.enpol.2009.02.040
https://doi.org/10.1016/j.trpro.2020.08.116
https://doi.org/10.1016/j.trpro.2020.08.116
https://doi.org/10.1109/ITEC51675.2021.9490173
https://doi.org/10.1109/ITEC51675.2021.9490173
https://doi.org/10.1016/j.jclepro.2019.01.081
https://doi.org/10.1016/j.tre.2022.102726
https://www.transportenvironment.org/wp-content/uploads/2021/07/2017_10_EV_LCA_briefing_final.pdf
https://www.transportenvironment.org/wp-content/uploads/2021/07/2017_10_EV_LCA_briefing_final.pdf
https://doi.org/10.1016/j.resconrec.2024.107748
https://doi.org/10.1016/j.apenergy.2018.10.133
https://doi.org/10.1016/j.apenergy.2018.10.133
https://www.teriin.org/project/faster-adoption-electric-vehicles-india-perspective-consumers-and-industry
https://www.teriin.org/project/faster-adoption-electric-vehicles-india-perspective-consumers-and-industry
https://doi.org/10.1109/ELEKTRO49696.2020.9130289
https://doi.org/10.1109/ELEKTRO49696.2020.9130289
https://doi.org/10.3390/en15041276
https://www.govinfo.gov/content/pkg/FR-2022-02-24/pdf/2022-04027.pdf
https://www.govinfo.gov/content/pkg/FR-2022-02-24/pdf/2022-04027.pdf
https://policy.desa.un.org/publications/frontier-technology-issues-recycling-of-energy-transition-critical-minerals-from-waste
https://policy.desa.un.org/publications/frontier-technology-issues-recycling-of-energy-transition-critical-minerals-from-waste
https://policy.desa.un.org/publications/frontier-technology-issues-recycling-of-energy-transition-critical-minerals-from-waste
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/IndiaFirst/INDIAINDCTOUNFCCC.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/IndiaFirst/INDIAINDCTOUNFCCC.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/IndiaFirst/INDIAINDCTOUNFCCC.pdf
https://doi.org/10.3133/mcs2022
https://doi.org/10.1007/978-981-16-9613-8_35
https://doi.org/10.1109/ACCESS.2022.3182726
https://doi.org/10.1016/j.resconrec.2019.05.015
https://doi.org/10.1016/j.resconrec.2019.05.015
https://doi.org/10.1021/acs.est.9b02872
https://doi.org/10.1021/acs.est.9b02872
https://doi.org/10.3390/en12050834
https://doi.org/10.3390/en12050834
https://doi.org/10.1038/s43246-020-00095-x
https://doi.org/10.1038/s43246-020-00095-x
https://doi.org/10.1016/j.atmosenv.2011.06.018
https://doi.org/10.1016/j.atmosenv.2011.06.018
https://doi.org/10.1038/s41560-020-00757-7
https://doi.org/10.1038/s41560-020-00757-7

	Saturation-aware critical raw material demands of India’s multi-modal passenger EV transition
	1 Introduction
	2 Model development and data
	2.1 Focus and scope
	2.2 Passenger transportation data
	2.3 Vehicle obsolescence
	2.4 Electrification growth
	2.5 Charging infrastructure
	2.6 Battery demand
	2.7 CRMs for EVs
	2.8 Methodological consideration

	3 Results
	3.1 Electric vehicle demand
	3.2 Charger and battery demand
	3.3 CRM demand
	3.4 Comparison with global demand
	3.5 Sensitivity analysis

	4 Discussions
	4.1 Electric vehicle demand
	4.2 Charging and battery demand
	4.3 CRM demand

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	Data availability
	References


