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ABSTRACT
This study addresses the challenge of decarbonizing India’s transportation
and power sectors, which jointly contribute to around 35% of the nation’s
emissions. The research introduces a transport model designed to project
the growth of EVs within the 2-wheeler (2W) and 4-wheeler passenger
(4W) segments, considering different policy scenarios. These scenarios
are assessed for their impact on technology adoption, fossil fuel
demand, power requirements, and CO2 emissions. Additionally, the
study presents a demand model to forecast national electricity demand.
The power model is also developed and linked with the transport and
demand models to evaluate different fuel mix options for meeting the
projected national power demand through 2050. The findings reveal
that ambitious policy scenarios can drive EVs to constitute roughly 45%
of all 2W and 4W vehicles on Indian roads by 2050, substantially
increasing electricity demand to an estimated 295 TWh with a 40%
reduction in CO2 emissions within the transport sector. Significantly, the
soft linkage between these models underscores the potential for India
to meet up to 90% of its national electricity demand through renewable
sources like wind, solar, and hydropower. The research underscores the
feasibility of transitioning towards a low-carbon energy system through
renewable energy and EV integration.
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1. Introduction

India, with its 1.4 billion inhabitants, presents a unique set of challenges and opportunities concern-
ing its energy landscape. As the world’s most populous country and one of its fastest-growing econ-
omies, India’s development trajectory is intrinsically linked to its increasing energy demand
(United Nations projects. U N n.d.). This demand surge not only fuels the nation’s socio-economic
and political progress but also contributes significantly to global energy consumption (Shastri,
Mohapatra, and Giri 2020). The outcome is a complex and multifaceted energy landscape where
energy security, climate action, and sustainable development intersect.

The urgency of addressing these intertwined challenges cannot be overstated. India’s rapid
economic growth has lifted millions out of poverty and set the stage for a more prosperous future.
However, this growth has come at a cost, notably in the form of increased greenhouse gas emissions
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(INDC – Submissions n.d.; Wiley Online Library 2017). India currently stands as the third-largest
emitter of carbon dioxide (CO2) in the world, with annual emissions totaling 3.6 gigatons and a
trajectory that could reach 7.3 gigatons per year by 2050 (Hossain et al. 2023b). As a result, the
nation finds itself at a crossroads, balancing its commitment to socio-economic development
with the imperative of curbing its growing carbon footprint.

Recognising these challenges, India unveiled its climate action plan, ‘Panchamrit,’ during
COP26. This comprehensive plan comprises five core elements, including achieving a non-fossil
energy capacity of 500 gigawatts by 2030, sourcing 50% of its energy from renewable sources by
the same year, reducing projected carbon emissions by a staggering one billion tons between
2021 and 2030, decreasing the carbon intensity of its economy by 45% compared to 2005 levels,
and striving to achieve net-zero emissions by 2070 (India’s Stand at COP-26 n.d.). While these
goals demonstrate India’s commitment to mitigating climate change, the key lies in the practical
steps needed to achieve them.

However, attaining this target is further complicated by the pivotal role played by the transpor-
tation and power sectors in driving up carbon emissions. They are collectively responsible for respon-
sible for 7% and 26% of the nation’s CO2 emissions (Dhar and Shukla 2015; Gulagi et al. 2022; Zakari,
Vuille, and Lehning 2022). The transportation sector, which encompasses various modes of mobility,
from personal vehicles to public transport, is a vital lifeline for India’s burgeoning population. How-
ever, the sector is also a significant source of CO2 emissions. The reliance on conventional internal
combustion engine vehicles, particularly in the 2-wheeler and 4-wheeler segments, has led to a
surge in emissions. As the Indian populace aspires to higher living standards, this sector’s emissions
are projected to rise significantly if not addressed. Simultaneously, the power sector, responsible for
supplying the energy necessary to power the nation, faces its set of challenges. With a substantial por-
tion of its energy generation relying on fossil fuels, particularly coal, the power sector is a major con-
tributor to India’s carbon emissions. While coal has historically played a crucial role in meeting the
energy demands of the nation, it has come at the cost of escalating carbon emissions.

As India works towards achieving its climate targets addressing emissions from these critical sec-
tors is paramount. Recognising that their symbiotic relationship necessitates coordinated and inte-
grated solutions, this study proposes a multi-sectoral approach. Hence rather than isolating and
addressing the challenges in the transportation and power sectors in isolation, this study takes a
holistic view. While there has been extensive research and analysis conducted individually in
both the transport (Gupta et al. 2022; Dhar and Shukla 2015) and power sectors (Gulagi et al.
2022; Zakari, Vuille, and Lehning 2022), the novelty of the study lies in the convergence and har-
monisation of efforts including both sectors.

One promising approach to addressing the environmental challenges in these sectors is the con-
certed promotion of electric vehicles (EVs) (Vidhi and Shrivastava 2018; IEA n.d.a; Requia et al.
2018) and the integration of renewable energy sources into the power sector (Fischer and Newell
2008; Krey and Clarke 2011; Mathiesen, Lund, and Karlsson 2011). In the transportation sector,
the widespread adoption of electric vehicles offers a compelling opportunity to reduce greenhouse
gas emissions. EVs are inherently more energy-efficient and have the capacity to operate on elec-
tricity generated from cleaner, renewable sources (Harvey 2020). Simultaneously, the power sector
stands as a pivotal domain for ushering in a sustainable and low-carbon future. The integration of
renewable energy sources, such as solar, wind, and hydro power etc., into the power generation mix
offers a potent means to mitigate emissions. This transition not only curbs the release of CO2 but
also contributes to enhanced energy security and economic growth by harnessing India’s abundant
clean energy resources.

Following the idea, a transport model, power demand prediction model and power model is
developed. The transport model forecasts the growth of EVs, particularly in the 2W and 4W pas-
senger segments due to the substantial increase in the number of 2W and 4W vehicles on the roads
(Vahan Sewa | Dashboard n.d.). The model considers various policy scenarios that could influence
EV adoption, acknowledging the pivotal role these vehicles can play in emissions reduction.
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Simultaneously, a demand projection model is developed to predict the nation’s power demand. A
power model is used to map the supply and demand by detailing how the power generation side
aligns with the ever-evolving energy demand in the nation. The interconnection between the trans-
port and power sectors is emphasised through a soft-linking framework, which harmonises the
transport model, demand projection model, and power model. This holistic approach enables
the exploration of diverse fuel mix scenarios, spanning renewable and non-renewable energy
resources, to meet India’s projected national power demand up to 2050.

Through this innovative approach, the research aims to bridge the gap between the climate com-
mitments and tangible, actionable steps. It endeavours to provide a roadmap that aligns India’s cli-
mate objectives with pragmatic policies and practices. It empowers policymakers, researchers, and
stakeholders with insights that can guide them in making informed decisions and shaping the
future trajectory of India’s sustainable and low-carbon transformation.

2. Literature review

The transport sector in India contributes nearly 7% of the country’s CO2 emissions, with road
transport accounting for 90% of this total (Gupta et al. 2022; Ritchie, Roser, and Rosado 2020;
Singh, Mishra, and Banerjee 2022). The registered vehicle stock in the country is approximately
296.5 million, with 2W and 4W (passenger cars) comprising 75% of the total (Vahan Sewa | Dash-
board n.d.). Figure 1 shows the fuel consumption of 2Ws and 4Ws in India from 2020 to 2021.

The increasing socio-economic development and purchasing power in India have led to a growth
rate of 10.4% for 2-wheelers (2Ws) and 11% for 4-wheelers (4Ws) from 2001 to 2015, resulting in
higher emission levels (The OECD n.d.; World Bank Open Data n.d.; Singh, Mishra, and Banerjee
2020). The majority of vehicles, around 85%, run on petrol or petrol mixed with alternative fuels
such as CNG, LPG, ethanol, & methanol, while 15% use diesel or diesel mixtures (Singh, Mishra,
and Banerjee 2020).

As vehicle ownership continues to rise, CO2 emissions from the transportation sector are pro-
jected to increase by 4.1% to 6.1% annually, potentially resulting in a sevenfold increase by 2050
compared to 2010 levels (Singh, Mishra, and Banerjee 2020; Dhar et al. 2017a). However, the Indian
government has implemented various policies and schemes to mitigate emissions from the trans-
port sector, with a specific focus on EV integration (Singh, Mishra, and Banerjee 2020; Cabinet
approves India’s Updated Nationally Determined Contribution to be communicated to the United
Nations Framework Convention on Climate Change n.d.). Noteworthy schemes include the Faster

Figure 1. Annual fuel Consumption of 2W (left) and 4W (right) vehicles in India.
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Adoption and Manufacturing of Hybrid & Electric Vehicles in India (FAME), which provides
incentives and financial support to promote the adoption and manufacturing of hybrid and EVs
(Bhat, Verma, and Verma 2021). The Vehicle Fuel Efficiency Programme establishes efficiency stan-
dards for new cars, and there are plans to transition from Bharat Stage IV (BS IV) fuels to Bharat
Stage V (BS V)/Bharat Stage VI (BS VI) fuels nationwide (Mirgal 2020).

Furthermore, the government has invested in mass transit facilities such as trains and metro ser-
vices to promote public transportation (India’s Stand at COP-26 n.d.). The FAME scheme, initiated
in 2015 and currently in phase II, has a budget allocation of 100 billion INR (approximately US$ 1.5
billion) and has contributed to a 10% increase in EV integration over the last five years. Addition-
ally, the Department of Heavy Industries has sanctioned the establishment of 2,636 charging
stations across 62 cities under the FAME India scheme phase II (National Level Policy n.d.). Despite
these efforts, EVs currently constitute only 0.5% of the total vehicle population in India, indicating
the need for further steps to decarbonise the transport sector (Vahan Sewa | Dashboard n.d.).

The power sector in India accounts for 26% of the country’s emissions, despite renewable energy
sources holding a 40% share of the installed generation capacity after fossil fuels (Protection of
Environment | Government of India | Ministry of Power n.d.). However, approximately 70% of
the power demand is still met by fossil fuels (Overview | Government of India | Ministry of
Power n.d.). This reliance on fossil fuels is primarily driven by the rapid growth in power demand,
which has been increasing at a steady rate of 5% annually over the past decade, with even higher
growth rates projected for the near future (Barbar, Mallapragada, and Stoner 2023). Furthermore,
the increasing power demand is also driven by the need to address climate impacts such as rising
temperatures and droughts, with an expected increase in the demand for space cooling in the com-
ing years (Mukherjee et al. 2020).

While India is making significant progress in renewable electricity, with new capacity additions
projected to double by 2026, there is still a need for further integration of into the power system
(Gulagi et al. 2022). India had set a target to achieve 175 GW of renewable capacity by 2022, encom-
passing solar, wind, biomass, and hydro power, but the actual installation has reached 113 GW, cov-
ering 65% of the target (Abhyankar et al. 2023). Therefore, there is a requirement to expedite the
deployment of renewable energy sources in India to meet the increasing power demand and miti-
gate climate change effectively.

Several studies have examined the challenges and opportunities associated with decarbonising
the transport and power sectors in India. One study utilised the ANSWERMARKAL energy system
model to analyse sustainable strategies for passenger and freight mobility, vehicle technologies, and
fuels, highlighting the potential for improved energy security, air quality, and reduced CO2 emis-
sions in India through a sustainable low-carbon transport scenario (Dhar and Shukla 2015).
Another study reviewed government initiatives in developing clean fuels in India and emphasised
the importance of implementing the Biofuel Policy to promote indigenous production of biofuels,
EVs, and hydrogen as decarbonisation options for the transport sector (Gupta et al. 2022). A
spatially contextualised analysis of energy use for commuting in India projected a significant
increase in energy demand and emphasised the need for demand and supply-side policy interven-
tions to achieve deep decarbonisation (Ahmad and Creutzig 2019). Additionally, a study focused on
the opportunities for India in the production of green hydrogen as a carbon-free fuel, emphasising
the advantage of India’s growing renewable power generation capacity in producing green hydro-
gen (Sontakke and Jaju 2021). Pathways for achieving a 1.5°C scenario for land transport in emer-
ging economies, including India, highlighted the need for significant changes in travel patterns,
technology, and fuels to achieve deep decarbonisation in the transport sector (Arioli, Fulton, and
Lah 2020).

In one study, the authors highlighted the role of renewables in rapidly transitioning the power
sector across states in India, emphasising the need for both state and national-level actions to pro-
mote renewable energy and achieve deep decarbonisation (Gulagi et al. 2022). Another study inves-
tigated current and prospective energy transition scenarios in the Indian landscape, analysing the
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impact of the COVID-19 pandemic and recommending revamped policy approaches and elemental
reforms for deep decarbonisation (Indrajayanthan et al. 2022). A study on the climate change
impact assessment for future wind and solar energy installations in India emphasised India’s
aggressive renewable energy policies and the urgent need to decarbonise the power sector (Dhar
and Shukla 2015). Another study assessed the clean energy transition potential in major power-pro-
ducing states of India and utilised multi-criteria decision analysis methodologies to evaluate the
clean energy potential, policy support, and carbon dependency of different states (Zakari, Vuille,
and Lehning 2022).

Furthermore, the concept of sector coupling has also been explored in the literature. In a study,
the authors used the German context as a case study to evaluate the potential of sector coupling and
analysed the linking of the power and transport sectors on a worldwide, EU, and German level
(Robinius et al. 2017). Another study investigated the role of storage technologies in the decarbo-
nisation of the sector-coupled European energy system, analysing interactions among generation
and storage technologies and highlighting the cost-effectiveness of battery and hydrogen storage
for achieving deep decarbonisation (Brown et al. 2018). Another study discussed the advantages
of coupling the electricity, heating, and transport sectors, particularly in urban areas, emphasising
the potential of sector coupling for power curtailment, load shedding, and congestion management
in Italian context (Prina et al. 2020). The impacts of high vehicle-to-grid (V2G) participation in a
100% renewable energy system were explored, highlighting the mutual benefits of V2G in achieving
sector coupling between the transport and power sectors in a region in Finland (Child, Nordling,
and Breyer 2018). An integrated multi-sectoral model assessed the role of electricity in decarbonis-
ing European road transport, considering approximately 50 vehicle technologies and analysing the
potential of sector coupling to achieve decarbonisation goals (Helgeson and Peter 2020). Addition-
ally, the challenges of air pollution in India were discussed including contributions from the resi-
dential, industrial, power generation and transport sectors (Lal et al. 2022).

Despite these valuable contributions, a comprehensive assessment that integrates the transition
of the transport and power sectors and analyses their interdependencies within the specific context
of India’s energy system is currently lacking. To address this research gap, the present study devel-
ops a soft linking framework to holistically evaluate the energy transition in India’s transport and
power sectors. Given that 2Ws and 4Ws account for 75% of the vehicles on Indian roads, the study
recognises the importance of focusing on these modes of transportation. In particular, the transition
to EVs is highlighted as a key aspect to be considered in achieving decarbonisation goals. By analys-
ing various fuel mix scenarios, the study seeks to understand how the growing transportation
demand and other power demands in the country can be met.

3. Method

The research methodology employed in this study involves the use of three models: the transport
model, the demand model, and the power model. These models collectively provide a comprehen-
sive analysis of the energy demand and emissions in the transportation sector and the associated
power generation requirements. The transport model serves as the foundation for understanding
the sales projections, energy demand, and emissions from 2Ws and 4Ws in India. The demand
model complements the transport model by providing a broader perspective on the national elec-
tricity demand across various sectors, including agriculture, residential, service, commercial, indus-
trial, and transportation sectors (excluding 2Ws and 4Ws). The power model analyses the power
generation requirements and explores different scenarios to meet the energy demand from both
the transport sector (2Ws and 4Ws) and other sectors as estimated by the demand model. It con-
siders the current fuel mix in the power sector, as well as the potential integration of renewable
energy sources such as solar, wind, and hydro power. The power model evaluates the feasibility
of different scenarios, assesses the potential for emissions reduction, and highlights the importance
of transitioning to a sustainable and low-carbon energy system.
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3.1. Transport model

The transport model (Figure 2) used in this study is an excel-based model that projects the sales of
2Ws and 4Ws from 2000 to 2050. The transport model provides three major outputs: the projection
of the number of vehicles, energy demand (including the fuel mix of fossil fuel and electricity), and
emissions from vehicles based on different defined scenarios.

Projection of the number of vehicles: The model uses historical and literature data for projections.
Model uses vehicle sales (Download Reports |Ministry of Statistics and Program Implementation |
Government of India n.d.; Government of India n.d.),compound annual growth rate (CAGR),
which is assumed to be 10% based on the projection from Asian Development Bank (Helgeson
and Peter 2020) during the specified time horizon, vehicle lifetime (Government of India n.d.;
Dhar et al. 2017b), current technology mix (Government of India n.d.; Dhar, Pathak, and Shukla
2018) to estimate the number of vehicles for each vehicle type for the year, t (Equation 1).

Number of vehiclesyear;t =
Number of vehiclesyear; t−1∗(1 + CAGR) n−
Number of vehicles reached end of lifeyear;t

(1)

n = number of years between the previous year and the projected year.
Energy demand: The energy demand for each vehicle type is estimated based on the projected

number of vehicles, average distance traveled per year (Download Reports | Ministry of Statistics
and Program Implementation | Government of India n.d.; Government of India n.d.) and fuel con-
sumption rate. Parameters such as fuel efficiency, battery efficiency (Government of India n.d.),
vehicle efficiency and average occupancy per vehicle (Download Reports | Ministry of Statistics
and Program Implementation | Government of India n.d.; Government of India n.d.) are used to
calculate the fuel consumption rate for each vehicle type.

Energy demandyear;t
= Number of vehiclesyear;t∗Average distance traveled per year

∗Fuel consumption rate

(2)

The energy demand is expressed in MWh, the number of vehicles is counted, the average distance
traveled per year is expressed in hundreds of kilometers, and the fuel consumption rate is expressed
in MWh/100 km.

Emissions from vehicles: The CO2 emissions from each vehicle type is calculated from the esti-
mated energy demand and emission factors for different fuel types (Equation 3).

Emissionsyear;t =
Energy demand year;t∗
(W2T CO2 emission factor+ T2W CO2 emission factor)

(3)

The energy demand is expressed in MWh and the emission factors are expressed in Megawatt-hour
(tonnsCO2/MWh) and hence the unit of emissions is tons of CO2. To account for future techno-
logical advancements, such as improvements in fuel efficiency and battery efficiency, the model
incorporates these advancements as parameters that change over time. While the specific equations
may vary depending on the parameter, the general approach to incorporating technological
advancements is in Equation (4).

Parameterfuture value = ParameterCurrent value + ParameterCurrent value∗R (4)

R = Rate of improvement.
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Figure 2. Soft linking framework used to combine the transport model, demand model, and power model to collectively assess the energy and environmental implications of changes in India’s
transportation and power sectors.
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3.1.1. Scenario development
Scenario definition plays a crucial role in the model analysis as it enables the exploration of potential
future pathways. Instead of predicting a single future, scenarios offer a range of possible trajectories
(Hossain et al. 2023b; Greiner et al. 2014; Hossain et al. 2023a). Energy scenarios provide a frame-
work for examining future energy perspectives by considering different combinations of techno-
logical options and their implications (UNDP n.d.). Scenario analysis offers a straightforward
approach to exploring decision-making in the context of alternative futures (DeCarolis et al.
2017). Scenarios can be categorised into predictive, explorative, and normative typologies, each ser-
ving different purposes (Börjeson et al. 2006). This study incorporates both explorative scenarios,
which provide descriptive insights, and normative scenarios, which offer prescriptive guidance.

Within the model, scenarios are defined based on the extension of the current system and the
expected future evolution of the system. These scenarios are motivated by India’s plan to increase
the share of EVs by 2050. Table 1 provides an overview of the Transport Model (TM) scenarios
used in the analysis. The Business-as-Usual (BAU) scenario assumes no changes in existing policies
and no introduction of new policies. This scenario examines the growth of EVs within the current pol-
icy framework, particularly focusing on the ongoing FAME scheme, which is currently in its second
phase. The BAU scenario is descriptive in nature and does not assign a specific system target. The
Announced Pledges Scenario (APS), investigates the case where the transport sector achieves a 30%
EV share in the market, meaning that at least 30% of vehicles sold annually are EVs. The APS scenario
represents a normative scenario, wherein the system strives to attain a specific target. Finally, the High
Ambitious Scenario (HAS) explores a future where only EVs are sold in the market. This scenario also
falls under the normative category, as it sets a target for the system to exclusively rely on EVs. By
defining these scenarios, the model enables an examination of various possible outcomes and their
associated implications. The BAU scenario provides a reference point to understand the trajectory
without additional policy interventions. On the other hand, the APS and HAS scenarios represent
ambitious targets that guide decision-making towards achieving higher EV penetration in the market.

3.2. Demand prediction model

The demand prediction model estimates the national electricity demand for agriculture, residential,
service, commercial, industrial, and transport sectors (excluding 2W & 4W). A regression model
(Dai et al. 2023) considering factors like historical demand from agriculture, industry, residential,
road (excluding 2W and 4W), rail, commercial, and other factors like economic growth, and pur-
chasing power parity (PPP) is used and is represented by Equation (5).

D(t) = b0+ b1∗AGR(t)+ b2∗IND(t)+ b3∗RSD(t)+ b4∗ROT(t)
+ b5∗RAT(t)+ b6∗COM(t)+ b7∗EGR(t)+ b8∗PPP(t) (5)

D(t): Estimated electricity demand (GWh) for the current year, t; β0, β1, β2,… . , β8: regression
coefficients; AGR(t): Electricity consumption (GWh) for the agriculture sector in the current
year, t; IND(t): Electricity consumption (GWh) for the industry sector in the current year, t;
RSD(t): Electricity consumption (GWh) for the residential sector in the current year, t; ROT(t):
Electricity consumption (GWh) for the road sector (excluding 2w and 4w) in the current year, t;
RAT(t): Electricity consumption (GWh) for the rail sector in the current year, t; COM(t): Electricity

Table 1. Transport model (TM) scenarios.

Scenario Name Description

TM Scenario I BAU (Stated Policy Scenario) Business As Usual, no change in policies
TM Scenario II APS (Announced Pledges Scenario) 30% EV penetration in the market per annum
TM Scenario III HAS (High Ambitious Scenario) 100% EV penetration in the market per annum
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consumption (GWh)for the commercial sector in the current year, t; EGR(t): Economic growth (%)
in the current year, t; PPP(t): Purchasing power parity in the current year, t.

The regression coefficients (β0, β1, β2, β3, β4, β5, β6, β7, β8) in the model represent the relation-
ships between the independent variables (agriculture, industry, residential, road, rail, commercial,
economic growth, PPP) and electricity demand and quantify the impact of each factor on electricity
demand. The regression coefficients are estimated using historical data on electricity consumption
for each sector, economic growth, and PPP through regression analysis following which the model
predicts the future electricity demand by inputting the values of the independent variables for the
specific year of interest.

3.3. Power model

The powermodel employed in this study is a techno-economicmodel developed using single objective
linear programming (SpringerLink n.d.). This model incorporates detailed information on existing
power plants, power demand, and the generation potential of renewable energy sources. A prediction
model is utilised to estimate the available potential of wind, solar, and hydro resources (Mattsson et al.
2021). Additional data, such as techno-economic and environmental-related information, emission
data, fuel consumption, fuel efficiency, plant expenditures, and the Levelized Cost of Energy
(Renewable Energy Finance – 1st Edition n.d.) for different plants, is also incorporated into the
model. The energy demand provided to the power model is derived from the transport model and
a demand prediction model. The primary objective of the power model is to determine an optimal
input energy mix that minimises the total system cost to meet the national power demand in a future
year, such as 2050, under various scenarios. The objective function of themodel is defined tominimise
the total system cost for generating the power. In the model, similar types of power plants are aggre-
gated for ease of computation (e.g. demand from all coal plants as summed up, generation capacity
from onshore wind is aggregated). Equation 6 describes the objective function of the model.

min obj. fn =
∑n

k=1

xk(ak∗bk + gk + dk + 1k) (6)

x: generation from plant type k (MWh); n: number of type of plants; α: fuel efficiency (kg/MWh); β:
fuel cost ($/kg); γ: operating & maintanence cost, fixed ($/MWh); ε: operating & maintanence cost,
varable ($/MWh); δ: LCOE, calculated for new power plants ($/MWh).

The constraints limiting the objective function mainly include power demand, installed capacity,
and potential generation by RES. Two types of constraints are employed, one for existing plants and
the other for new plants added to meet increased demand. Equation 7, 8, and Equation 9 describe
the constraints.

∑n

k=1

xk ≥ Đ (7)

Ð: electricity demand (MWh).

∑n

k=1

xk ≤ Þ (8)

Þ: Generation potential of new power plants (MWh); Þ = f (capacity factor,prediction of RES, hours
of operation).

∑n

k=1

xk ≤ C
′

(9)
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C
′
: Generation from existing power plants; C

′
= f (capacity factor, hours of operation, installed

capacity).
The model considers whether to meet the demand using existing power plants or through invest-

ments in new power plants. It can incorporate cost, emission data, and other constraints to make
strategic decisions regarding the electricity generation mix. To facilitate computational efficiency,
similar types of power plants are aggregated in the model. For instance, the demand from all
coal plants is summed up, and the generation capacity from onshore wind is aggregated. A com-
prehensive description of the model framework can be found in (Sobha 2022), and Figure 2 illus-
trates the model’s overall structure. The transport model estimates the electricity demand for 2W
and 4W and the demand prediction model estimates the national electricity demand for agriculture,
residential, service, commercial, industrial, and transport sectors (excluding 2W & 4W) which is
used in power model as demand constraint (Equation 7).

3.3.1. Scenario development
The scenarios developed for the power model in this study are motivated by the Sustainable Devel-
opment Goals (SDGs) and India’s plan to increase the share of RES in its power sector by 2050
(Shastri, Mohapatra, and Giri 2020). Table 2 provides an overview of the Power Model (PM) scen-
arios used in the analysis. The BAU scenario in the power model assumes no changes in existing
policies and no introduction of new policies in the power sector. This scenario assesses how the
power sector can meet the national demand, taking into account the increased demand resulting
from the integration of EVs under various scenarios. The BAU scenario is descriptive in nature
and does not assign a specific system target.

APS in the power model sets a minimum requirement for the share of RES generation, which is
60% of the total power demand. This scenario reflects a normative perspective, where the system
strives to achieve a specific target in terms of RES integration. HAS in the power model sets a
higher minimum requirement for the share of RES generation, which is 100% of the total
power demand. This scenario also falls under the normative category, as it represents an ambi-
tious target for achieving complete dominance of renewable energy sources in the power sector.
By defining these scenarios, the power model enables an assessment of different pathways for
increasing the share of renewable energy in the power sector, aligning with India’s long-term
goals and the global sustainability agenda. The BAU scenario provides a baseline reference,
while the APS and HAS scenarios provide targets that guide decision-making towards greater
RES integration.

3.4. Soft linking models

This section explains the soft-linking framework for the transport model, demand model and power
model. The power model is fed with electricity demand data from the transport and demand pre-
diction model. The soft linked system (Lindholt and Wei 2023; Zhang et al. 2023) investigates how
can the power demand be met under various PM scenarios for the transition to a sustainable future.
Figure 2. shows the soft linking framework of the models.

Table 2. Power model (PM) scenarios.

Scenario Name Description

PM Scenario I BAU (Stated Policy Scenario) Business as Usual, no change in policies
PM Scenario II APS (Announced Pledges Scenario) Increase RES share to 60% of net generation
PM Scenario III HAS (High Ambitious Scenario) Increase RES share to 100% of net generation
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4. Results

The section explains the results from the transport model, power model, demand prediction model,
and the soft-linked set.

4.1. Transport model results

The transport model results offer crucial insights into the growth of 2Ws and 4Ws, and they illu-
minate several reasons behind these trends. Figure 3 shows the anticipated growth of 2Ws and 4Ws
in India between 2020 and 2050 across various transport scenarios, as outlined in Table 1. Firstly,
the model projections indicate that the growth of 2Ws is expected to be significantly higher com-
pared to 4Ws, with projected increases of 264%, 75%, and 46% during the years 2030, 2040, and
2050, respectively, across all considered scenarios. Several factors contribute to this trend. One of
the key reasons is the economic trajectory of the country. Prior to the COVID-19 pandemic,
India was experiencing robust economic growth (Barbar et al. 2021). This upward trajectory in
GDP growth rate is a strong driver of increased personal income and purchasing power among
the population (Bank 2022). As people’s financial means improve, there’s a natural tendency to
invest in personal mobility, and 2Ws, being a more affordable and accessible mode of transpor-
tation than 4Ws, are often the preferred choice. Secondly, the prominence of 2Ws on Indian
roads is noteworthy. In 2022, 73% of the vehicles on Indian roads were 2Ws. This prevalence is
influenced by various factors, including affordability, ease of maneuverability in crowded urban
areas, and fuel efficiency, which makes 2Ws an attractive option for many. The model expects
this trend to continue due to the persistent economic growth of the country.

Furthermore, although there was a recent decline in 2W sales in India, dropping from 21.18
million units in the financial year 2018–2019 to 13.47 million units in the financial year 2021–
2022, this decline is not projected to have a lasting impact on the long-term growth of 2Ws (IEA
n.d.b). This is because, despite short-term fluctuations, the underlying factors such as economic
growth and urbanisation continue to drive the demand for personal mobility, especially in the
form of 2Ws. However, this escalating number of vehicles, particularly 2Ws, poses a significant
environmental threat. The transportation sector is a major contributor to air pollution and green-
house gas emissions, which are primary drivers of climate change. In response to these challenges,

Figure 3. Estimated growth of 2W and 4W vehicles in India, presented in millions of vehicles for years 2020–2050. The projections
are analysed across three distinct scenarios, BAU (Stated Policy Scenario), APS (Announced Pledges Scenario) and HAS (High
Ambitious Scenario).
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the following section of the study delves into scenario analysis to explore measures for decarbonis-
ing the transport sector, thus addressing these environmental concerns.

The fuel mix composition, as depicted in Figure 4, provides information on the transition
towards electrification in the context of two-wheelers (2Ws) and four-wheelers (4Ws). The model’s
findings reveal trends, influenced by several factors. Firstly, the model predicts a higher electrifica-
tion rate for 4Ws compared to 2Ws. This outcome is partly due to the larger growth rate anticipated
for 2Ws (Chakraborty and Chakravarty 2023). The economic factors, including income growth and
urbanisation, are driving the increased demand for mobility, especially in the form of 2Ws, which
are often more affordable and maneuverable for daily commuting in crowded urban areas. Sec-
ondly, the model places constraints on the growth of diesel cars in the APS and HAS, aligning
with real-world observations. Over the past five years, there has been a notable decline of over
50% in diesel car sales in India (UNFCCC n.d.). This decline is a result of changing economic
dynamics and fuel price trends. Diesel cars, which were once preferred for their fuel efficiency,
have become less attractive due to the rising costs of diesel and the increasing focus on environ-
mental concerns. This aligns with the model’s constraints, which aim to steer the transportation
sector away from diesel vehicles.

HAS envisions a substantial growth in EVs in India by 2050. In this scenario, 40% of 2Ws on the
road are expected to be electric, compared to 28% in the more conservative APS. This divergence is
largely attributed to policy-driven interventions and a strong push for electrification in the HAS. In
contrast, in the BAU scenario, there is sluggish growth in electrification throughout the entire
model horizon. This scenario reflects a lack of significant policy incentives for EV adoption, result-
ing in slower progress. In terms of 4Ws, the share of EVs in the fuel mix reaches 44% in the HAS
and 34% in the BAU scenario by 2050. Again, the difference is influenced by the level of policy sup-
port and market dynamics. In the BAU case, where electrification receives less support, the growth
of EVs is more limited. Diesel vehicles are expected to comprise 37% of vehicles on Indian roads in
2050 in the HAS scenario, while the BAU scenario anticipates a higher share of diesel cars (48%).
This growth in the BAU case can be attributed to the expanding Indian economy, expected
increases in petrol prices, and the relatively low cost of diesel fuel. These findings highlight the sig-
nificance of policy interventions and market dynamics in shaping the future of India’s transpor-
tation sector and its transition towards a more sustainable and electrified future.

Figure 4. Fuel mix used by 2W and 4W vehicles in India across three distinct scenarios, BAU (Stated Policy Scenario), APS
(Announced Pledges Scenario) and HAS (High Ambitious Scenario).
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Figure 5 depicts the combined emissions in millions of tons of CO2 from 2Ws and 4Ws. The
model results project that CO2 emissions from these vehicles will reach 1 Gt in 2050. The APS scen-
ario reduces emissions by 27%, while the HAS scenario achieves a 40% reduction compared to the
BAU scenario. The analysis includes emissions from the current power sector, with an emission
factor of 0.79 tCO2/MWh, representing the weighted average of the Indian Grid for FY 2020–
2021 (Protection of Environment | Government of India | Ministry of Power n.d.). Figure 6 illus-
trates the power demand required for charging 2W and 4W EVs (in TWh) on the roads. In the BAU
scenario, the electricity demand is projected to reach 50 TWh in 2050. However, in the APS and
HAS scenarios, the demand increases by 336% and 476% respectively compared to the BAU scen-
ario. In the BAU scenarios, electricity has a significantly lower share in the fuel mix, losing out to
gasoline and diesel vehicles. In the APS and HAS scenarios, which exhibit higher electrification
rates, the level of electrification surges around or after the year 2030 and continues until 2050.

The emissions from 2Ws and 4Ws are a critical aspect of understanding the environmental
impact of the transportation sector’s transition. Figure 5 provides the model’s projections regarding
the emissions produced by these vehicles. The model results indicate that without substantial pol-
icy-driven interventions, CO2 emissions from 2Ws and 4Ws in India are projected to be substantial,
reaching 1 gigaton (1 Gt) of CO2 emissions in 2050. This is a concerning figure, given the detrimen-
tal impact of CO2 emissions on climate change and air quality. However, the model scenarios offer a
more optimistic outlook. The APS is expected to reduce emissions by 27% compared to the BAU
scenario. This reduction is a result of the model’s constraints on diesel cars and the promotion of
electrification in this scenario. It’s an encouraging sign that relatively modest policy interventions
can lead to a significant decrease in emissions. The HAS showcases even more promising results. In
this scenario, a 40% reduction in emissions is projected when compared to the BAU scenario. The
greater reduction can be attributed to the ambitious policy initiatives that drive a faster transition
towards EVs and other low-carbon options. To understand the context better, the analysis includes
emissions from the current power sector, represented by an emission factor of 0.79 tons of CO2 per
megawatt-hour (tCO2/MWh), which is based on the weighted average of the Indian Grid for FY
2020–2021 (Protection of Environment | Government of India | Ministry of Power n.d.). This is
essential because it reflects the emissions generated from the electricity used to charge EVs. The
decarbonisation of the power sector plays a crucial role in reducing the overall emissions from
the transportation sector, particularly as EV adoption increases. Therefore, power sector emissions
have a direct impact on the total emissions from 2Ws and 4Ws.

Figure 6 provides insights into the power demand required for charging 2W and 4W EVs,
measured in terawatt-hours (TWh). In the BAU scenario, the electricity demand for charging

Figure 5. Combined CO2 emissions attributed to 2W and 4W vehicles in India across three distinct scenarios, BAU (Stated Policy
Scenario), APS (Announced Pledges Scenario) and HAS (High Ambitious Scenario).
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EVs is projected to reach 50 TWh in 2050. This scenario reflects a future where electrification is not
a priority, and other conventional fuel vehicles, such as gasoline and diesel, still dominate the mar-
ket. However, in the APS and HAS, which encourage higher electrification rates, the demand for
electricity increases significantly. In these scenarios, the level of electrification begins to surge
around or after the year 2030 and continues until 2050. This illustrates the critical role of electrifi-
cation in India’s transportation sector and the increasing demand for electricity to charge EVs.

4.2. Demand prediction model results

The findings regarding India’s electricity demand offer insights into the complex interplay of var-
ious sectors and factors influencing the nation’s power consumption. Historically, rail transport has
been a major contributor to India’s electricity demand, as mentioned in previous studies (Satapathy,
Jena, and Sahu 2023). This is due to the extensive rail network in the country and the energy
requirements of running electric trains. Furthermore, metro services and freight transport,
especially the infrastructure involved, have played significant roles in driving up electricity demand
(Singh, Mishra, and Banerjee 2020). As urbanisation and industrialisation continue, these sectors
are expected to experience a substantial increase in electricity consumption. The rising demand
for electricity in the residential and commercial sectors is a noteworthy trend. This demand
surge is primarily a response to increasing temperatures and the need for cooling solutions. Rising
temperatures and heatwaves are becoming more frequent due to climate change, and this has led to
a higher demand for air conditioning. The projection estimates that by 2050, around two-thirds of
households globally will have air conditioning, with China, India, and Indonesia being responsible
for a significant portion of this demand (IEA n.d.b). The increasing electricity consumption for
cooling in India reflects the urgent need for adequate and sustainable cooling solutions to address
both the demand for comfort and the energy efficiency aspects associated with cooling technologies.

However, it’s important to note that the data presented in Table 3 also consider the impact of the
COVID-19 pandemic on energy demand. Initially, prior to the pandemic, India’s energy demand
was on a trajectory to increase by nearly 50% between 2019 and 2030 (Renewable Energy Finance –
1st Edition n.d.). The pandemic resulted in a sudden drop in power demand, as many economic
activities were disrupted (Deshwal, Sangwan, and Dahiya 2021). However, what’s particularly inter-
esting is that the data now indicate a rapid recovery in power demand. This suggests that despite the

Figure 6. Power demand required for charging 2W and 4W EVs in TWh in India across three distinct scenarios, BAU (Stated Policy
Scenario), APS (Announced Pledges Scenario) and HAS (High Ambitious Scenario).
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short-term decline due to the pandemic, the long-term trend of increasing electricity consumption
in India remains robust. The recovery in power demand is likely influenced by the resumption of
economic activities and the continued growth of industries and urban centres. In summary, the
findings underscore the complexity of factors shaping India’s electricity demand, including the
dominant role of rail transport, the increasing need for cooling in response to climate change,
and the resilience of the long-term trend in power demand despite pandemic-related disruptions.
These insights are crucial for energy planning and policy development in India, especially in ensur-
ing a reliable and sustainable power supply to meet the evolving needs of the nation.

4.3. Soft linking results

This section presents the outcomes obtained through the integration of the transport model, power
model, and demand model. The transport model estimates the electricity demand for 2W and 4W
vehicles, while the demand prediction model estimates the national electricity demand across var-
ious sectors, excluding 2W and 4W, and provides input to the power model.

Figure 7 displays the results of the power model scenario analysis (refer to Table 2) after incor-
porating the transport model results. In this analysis, the power model evaluates different scenarios
to meet the power demand generated by the transport model. The current fuel mix depicted in
Figure 7 represents the existing combination of fuels used to meet the national power demand.
The model results indicate that the power demand from 2W and 4W vehicles can be entirely
fulfilled by harnessing the solar potential of the country by the year 2030. This holds true for all
scenarios, including BAU, APS, and HAS, owing to the cost efficiency of photovoltaic (PV) panels.
Furthermore, the results reveal that the transport demand from 2W and 4W vehicles can be satisfied
by utilising 100% renewable energy sources in the energy mix. The model demonstrates that solar
energy has the highest potential to meet the country’s energy demand, followed by hydro and wind.
In the power model, only the emissions resulting from power plant operation are considered, result-
ing in zero CO2 emissions in scenarios that rely solely on renewable energy sources.

Figure 8 showcases the results of the power model scenario analysis (refer to Table 2) on the
national power demand, encompassing the demand from the transport sector. Here, the power
model incorporates the power demand from 2W and 4W vehicles, as well as the national power
demand projected by the demand prediction model explained in section 2.2. At present, fossil
fuels account for 78% of the input fuel mix in the power sector. In the BAU scenario, this share experi-
ences a slight reduction to 74% by 2050. In the APS scenario, the proportion of fossil fuel decreases to
approximately 39%. The HAS scenario, on the other hand, considers a 100% renewable energy mix,
with solar, wind, and hydro meeting the majority of the demand by 2030. By 2050, the demand sur-
passes the capacity of solar, wind, and hydro potential, prompting the model to invest in other renew-
able sources, which can also be regarded as additional storage options. Nevertheless, the model
outcomes indicate that the projected national power demand for 2050, including the increased
demand from the transportation sector, can be satisfied with 100% renewable energy sources. As
renewables are integrated into the system, CO2 emissions from power generation display a declining
trend. In comparison to the BAU scenario, the APS scenario exhibits approximately 1.5 times lower
CO2 emissions, while the HAS scenario shows a reduction of around 6 times in CO2 emissions.

The study’s results are in line with existing research in the two sectors. Firstly, the findings
regarding the Indian transportation sector harmonise with previous studies, which project an

Table 3. Demand prediction model output.

Year Total Demand (PWh)

2022 1.3
2030 2.2
2050 4.5
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annual compounded growth rate of around 7% from 2012 to 2030 (Irfan, Mahapatra, and Shahbaz
2023). Secondly, in the domain of the power sector, the study’s results are in agreement with similar
research that suggests solar and wind energy combined would contribute approximately 85% to the
total generation capacity in 2050 (Das et al. 2023). Furthermore, by considering renewable energy
sources capacity targets and the introduction of a carbon tax, the study’s findings align with the
notion that these measures can lead to potential future generation mixes conducive to achieving
the goal of power sector decarbonisation in India (Chakraborty and Chakravarty 2023).

Figure 7. Fuel mix utilised to meet the power demand of the transportation sector in India, focusing on 2W & 4W in three distinct
scenarios, BAU (Stated Policy Scenario), APS (Announced Pledges Scenario) and HAS (High Ambitious Scenario).

Figure 8. Composition of the energy sources or fuel types used to meet the national power demand in India in three distinct
scenarios, BAU (Stated Policy Scenario), APS (Announced Pledges Scenario) and HAS (High Ambitious Scenario).
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5. Discussion

The findings presented in this study highlight the urgency and significance of policy interventions
to accelerate the electrification of the transport sector and integrate renewable energy into power
generation. To ensure a sustainable and low-carbon future, it is crucial for policymakers to prior-
itise the following key areas:

EV Penetration Targets: Setting ambitious targets for EV penetration, especially in the 2W and
4W segments, can be a transformative step towards reducing carbon emissions in the transportation
sector. To achieve this, creating a supportive environment for the growth of the 2W EV market,
implementing targeted policies and incentives, and ensuring the availability of decarbonised elec-
tricity for charging EVs are recommended.

Managing Demand and Enhancing Energy Efficiency: Prioritising energy-efficient technologies
and practices can significantly contribute to reducing energy consumption and relieving strain
on the power grid (e.g. efficient cooling). Policymakers may consider implementing stringent build-
ing codes and standards, promoting the adoption of efficient cooling appliances, and raising con-
sumer awareness about responsible energy use to achieve lower carbon emissions, improved energy
security, and sustainable cooling solutions.

Integrating Renewable Energy Sources: Policymakers are encouraged to prioritise the integration
of renewable energy sources into the power generation mix. This can be accomplished by creating a
conducive environment for investment in renewable energy projects, streamlining regulatory pro-
cesses, and providing incentives for renewable energy technologies. By shifting towards a higher
share of renewable energy, India can achieve substantial reductions in carbon emissions, enhance
energy security, and foster economic growth.

Promoting Policy Synergies and Collaborations: Collaboration across sectors is crucial for achiev-
ing sustainable and low-carbon development. Policymakers should aim to integrate transport and
power sector planning, optimising infrastructure development and coordinating the deployment of
charging infrastructure while effectively utilising renewable energy resources. By fostering collab-
oration among policymakers, researchers, industry stakeholders, and civil society, comprehensive
policies can be developed and implemented to address energy demand, transportation emissions,
and climate change challenges effectively.

While this study provides valuable insights into the integration of renewable energy and EVs in
India’s power and transportation sectors, there are certain limitations that warrant further
research and exploration. One limitation is that the current model treats EVs as an aggregated
section, without distinguishing between different types of batteries and fuel cells. Future work
should expand the model to incorporate the growth and impact of various battery technologies
and fuel cells, allowing for a more comprehensive analysis of their influence on power demand.
Additionally, the transport model would benefit from incorporating more detailed data to accu-
rately mimic people’s purchase behaviour, enabling a more precise assessment of the factors
influencing EV adoption. Furthermore, the power model can be further developed by considering
the cradle to grave emissions associated with all energy supply sources. By including emissions
throughout the entire lifecycle, from production to disposal, a more accurate assessment of the
environmental impact of different energy sources can be achieved. Additionally, the category
of ‘other renewable energy sources’ should be expanded to identify the potential of biomass,
waste-to-energy, and other emerging renewable technologies. These expansions and improve-
ments to the models will enhance their accuracy and provide policymakers with more robust
insights for decision-making. By addressing these limitations and incorporating the suggested
improvements, future research can contribute to a more comprehensive understanding of the
potential of renewable energy integration and EV adoption in India. Such research will aid in
the formulation of more effective policies and strategies to accelerate the transition to a sustain-
able and low-carbon energy system.
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6. Conclusion

In conclusion, this study underscores the substantial potential of renewable energy sources and EV
adoption in addressing India’s power demand and transportation sector emissions. Transitioning
toward a sustainable and low-carbon energy system is feasible by integrating renewables into
power generation and promoting EVs. The results project significant vehicle growth in India, par-
ticularly in two-wheelers (2Ws) and four-wheelers (4Ws). By 2030, we anticipate a remarkable
264% increase in 2Ws and a 75% growth in 4Ws. Looking ahead to 2050, the model suggests a
robust 46% growth in 2Ws, solidifying their dominance in India’s vehicle landscape. Furthermore,
the model illustrates a rapid transition in the fuel mix. Notably, the electrification rate for 4Ws is
remarkable, with up to 40% of electric vehicles by 2050 in the High Ambitious Scenario (HAS),
while the Business-as-Usual (APS) scenario predicts slower electrification growth. Significant
changes in diesel car sales are also forecast, driven by economic dynamics and fuel price trends.
Decarbonising the transport sector is paramount, as emissions from 2Ws and 4Ws in the BAU
scenario are projected to reach 1 Gt in 2050. However, policy-driven interventions lead to substan-
tial reductions, with the HAS scenario achieving a 40% reduction compared to BAU. The study
emphasises the growing demand for electricity to charge 2Ws and 4Ws. In the HAS scenario, elec-
tricity demand is estimated to reach 50 TWh by 2030. This underscores India’s remarkable potential
in renewables, especially solar energy. The power model analysis shows that by 2030, solar alone can
meet the power demand from 2Ws and 4Ws in all scenarios. Solar, wind, and hydro sources play
pivotal roles in India’s energy mix. The most compelling finding is the prospect of zero CO2 emis-
sions. Our analysis indicates that renewables can meet the increased power demand from electric
vehicles and the national power demand, even in the APS scenario, with some fossil fuel com-
ponents, emissions see a stark reduction compared to the BAU scenario.

Looking ahead, the work can expand to include a broader spectrum of vehicles, such as commercial
vehicles, buses, and three-wheelers, which are integral to India’s transport landscape. The study could
delve into the intricate dynamics of electrification in these segments, analysing their growth patterns
and emissions. Moreover, assessing the impact of charging infrastructure development and advance-
ments in battery technology on electric vehicle adoption will be pivotal. This research provides a
solid foundation for more comprehensive models that integrate the complexities of multiple vehicle
types, offering a holistic view of India’s transportation decarbonisation journey.
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