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HIGHLIGHTS
 ▪ We estimate India’s annual electricity demand to quadruple by 2050 

despite energy efficiency across the economy more than doubling over 
this period. A transition to low-carbon electricity supply is critical given 
India’s net-zero 2070 target. 

 ▪ We present three scenarios for electricity supply through 
2050—Ambitious Policy, No New Policy, and Renewable Energy 
Bottleneck—and their implications for technology choices, costs, 
emissions, and water use. 

 ▪ All three scenarios exhibit a growing share of fossil-free electricity 
generation that increases to at least 41 percent by 2030 and 61 percent 
by 2050 from 24 percent at present (in 2022). Only the Ambitious Policy 
scenario, however, cuts greenhouse gases to a quarter of present levels 
by 2050, which is likely needed to put the sector on a net-zero 2070 
pathway. Further, water savings and air quality improve considerably 
over the other scenarios. 

 ▪ Expenditure on the electricity system across the scenarios is 
comparable, indicating that the benefits in the Ambitious Policy scenario 
entail no additional monetary cost. However, the massive scale-up in 
solar and onshore wind capacity seen in this scenario would require 
overcoming the challenges of grid integration, financing, potential land 
constraints, and the socioeconomic impacts of a coal phase-down.  
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EXECUTIVE SUMMARY
Context
As part of its Nationally Determined Contribution (NDC) 
under the Paris Agreement, India has committed to 
achieving 50 percent of its total installed electricity capacity 
from non-fossil sources by 2030 (PIB 2021b). The prime 
minister also announced India’s intention of achieving 500 
gigawatts (GW) of non-fossil installed electricity capacity 
by 2030 (PIB 2022). This would require almost tripling 
the present non-fossil-based capacity of 178 GW (CEA 
2023d) over the next seven years. Non-fossil-based capacity 
less than doubled during 2016–2022 from about 95 GW in 
2016 (CEA 2016b). 

Despite these ambitious targets, coal is expected to 
continue to play a dominant role in electricity supply in the 
near future, contributing over half of the total projected 
electricity generation in 2030 (CEA 2023c). Although 
India has released its long-term low-carbon development 
strategy (LT-LEDS) outlining a vision for achieving net-
zero emissions by 2070 (MoEFCC 2022), it has not set any 
targets for the power sector after 2030. Transition pathways 
for the sector consistent with India’s 2070 vision will likely 
require a phase-down in fossil fuel capacity or a significant 
uptake of carbon capture and storage (CCS) by 2050 
(Durga et al. 2022).

Exploring various transition scenarios for the power 
sector that can inform long-term target setting and policy 
planning in line with the 2070 vision is essential. The 
power sector is particularly important, given India’s growing 
electricity demand and the expected role of electrification 
and green hydrogen—both reliant on a low-carbon electricity 
supply—in decarbonizing the industry, buildings, and 
transport sectors.

About this working paper 
We use the India Energy Policy Simulator (EPS) version 
3.1.3.5, an open-source, system dynamics model with 
economy-wide coverage to explore three scenarios for the 
power sector. We first use the model to estimate electricity 
demand through 2050, considering the electrification and 
green hydrogen uptake required in the buildings, industry, 
and transport sectors to put the economy on course toward 
its net-zero 2070 target. We then present three alternative 
scenarios for power supply to meet the calculated electricity 
demand, together with a comparative analysis of outcomes 
of interest—greenhouse gas (GHG) emissions, technology 
mix, investment, air pollution, and water use—across the 
three scenarios:

 ▪ An Ambitious Policy (AP) scenario, which assumes 
policies for deep decarbonization of the power sector that 
build upon existing policies.

 ▪ A No New Policy (NNP) scenario, which assumes that 
no new policies—beyond existing ones, running until 
their stipulated durations—are implemented and power 
generation capacity is added on a least-cost basis.

 ▪ A Renewable Energy Bottleneck (REB) scenario, which 
assumes no new policies and reflects additional constraints 
on the growth of annual renewable energy (RE) capacity 
additions due to on-ground implementation challenges. 

Details of the structure, approach, data sources, and 
assumptions of the India EPS can be found in the model’s 
technical note (Swamy et al. 2021a). It is a national model 
with annual time steps and consequently does not represent 
the seasonal and diurnal variability in electricity demand and 
supply. It instead models the average variability of resources 
such as wind and solar to meet the annual peak demand by 
using peak time capacity factors. Further, an analysis of the 
potential regional and socioeconomic impacts of the low-
carbon transition in the power sector, although relevant, is 
beyond the scope of this working paper. 

Key findings
 ▪ We estimate India’s annual electricity demand to 

quadruple from the present level to reach 5,188 
terawatt-hours (TWh) by 2050 in a pathway aligned 
with India’s net-zero 2070 target, despite a decline of 
58 percent in energy consumption per unit of gross 
domestic product (GDP) over this period. The increase is 
driven by the growing per capita energy demand and the 
switch from fossil fuels to electricity in end-use sectors, 
such as transport, industries, and buildings, to meet their 
future energy demand.

 ▪ Across all our supply scenarios, non-fossil capacity 
additions—predominantly solar photovoltaic (PV) and 
onshore wind—outpace coal. Only the REB scenario sees 
a net addition of coal capacity over this period. All the 
three scenarios see the share of coal in installed electricity 
capacity decline to below 25 percent by 2050 from 49 
percent at present. Solar PV capacity emerges as the 
dominant technology in India’s future electricity supply, 
followed by onshore wind across all the three scenarios 
(Figures ES-1 and ES-2). However, the shares of solar and 
wind differ across scenarios, depending on the availability 
of storage. India’s NDC target of achieving 50 percent 
of its total installed electricity capacity from non-fossil 
sources by 2030 is achieved in all the three scenarios. 
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Figure ES-1  |  Total installed electricity capacity by power plant type in 2022 and in 2030, 2040, and 2050    

Figure ES-2  |  Annual generation by fuel source in 2022 and in 2030, 2040, and 2050    

Note: AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck.

Source: MoP (2023b) for 2022 and the authors’ analysis using India Energy Policy Simulator for future years.

Note: AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck.

Source: Central Electricity Authority (CEA 2023c) for 2022 and the authors’ analysis using India Energy Policy Simulator for future years.
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 ▪ Despite the significant growth of RE across all scenarios, 
only the AP scenario sees a notable decline in GHG 
emissions in the power sector from the present level 
(Figure ES-3), implying that India’s rapidly expanding 
power sector would require additional policies for long-
term deep decarbonization consistent with its 2070 
net-zero vision. On the other hand, emissions in the NNP 
scenario remain approximately stagnant and rise 1.6 times 
the present level in the REB scenario. To cut emissions, 
the AP scenario relies on the phased implementation of 
two key policy mandates—generate carbon-free electricity 
(linearly increasing over time from 24% in 2022 [CEA 
2023a] to 75% in 2050) and gradually retire coal-fired 
power plants (linearly increasing over time from 0 GW/
year in 2027 to 7 GW/year in 2050)—and a carbon tax on 
power-sector emissions at the point of generation (linearly 
increasing from US$4 in 2022 to US$50 by 2050). 

 ▪ The technology transition to non-fossil sources yields 
significant co-benefits: reduced water consumption and 
improved air quality. The AP scenario, on average, saves 
266 billion liters and 2 trillion liters per year over the NNP 
and REB scenarios, respectively, between the present and 

2050. The latter saving is more than New Delhi’s annual 
water demand in 2020 (1.7 trillion liters [Rumi 2020]). 
Similarly, by 2050, annual PM2.5 emissions in the AP 
scenario are negligible. In contrast, the NNP and REB 
scenarios see PM2.5 emissions of 312 and 716 kilotonnes 
in 2050, respectively. The latter is more than the amount 
of particulate matter emissions from all of India’s coal 
plants in 2010 (about 580 kilotonnes [Guttikunda and 
Jawahar 2014]).

 ▪ The total projected expenditure on electricity supply—
including capital, operations and maintenance (O&M), 
and fuel costs—across the three scenarios is comparable. 
The total expenditure is in the range of INR 139–145 
trillion (US$2,032–2,119 billion) in 2018 prices across the 
three scenarios, with the REB scenario being marginally 
more expensive than the other two scenarios, primarily 
due to greater fuel expenditure and O&M costs. However, 
the AP scenario is the most capital intensive, in spite of 
accounting for declining unit costs of RE with technology 
diffusion over time, emphasizing the need for up-front 
capital investment in the RE transition.

Figure ES-3  |  Annual CO2 emissions in the power sector through 2050    

Note: CO2 = carbon dioxide. AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck. Mt = megatonne.

Source: Authors’ analysis using India Energy Policy Simulator. 
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Policy implications
 ▪ India’s rapidly expanding power sector would require 

additional policies for long-term deep decarbonization. 
Whereas India’s 2030 NDC targets are met in all the 
scenarios, only the AP scenario sees a decline in GHG 
emissions consistent with its 2070 net-zero vision, 
underscoring the need for additional policies. The analysis 
suggests that the phased implementation of two policy 
mandates—carbon-free electricity generation and gradual 
retirement of coal-fired power plants—and a carbon tax 
in the power sector could reduce emissions to a quarter 
of present levels by 2050. All these policies can be 
implemented by gradually building upon existing policies. 

 ▪ Supporting policies to integrate the rapidly growing 
share of variable RE into the electricity grid will be 
crucial. The massive projected scale-up in solar PV and 
wind in India’s future electricity mix emphasizes the 
need for scaling up grid battery storage capacity, demand 
response programs, and improvements in transmission 
infrastructure, which are all in a nascent stage at present. 
Besides, we show that a more balanced growth of solar PV 
and wind could also help reduce supply-side intermittency, 
suggesting a potential rethink of long-term policy targets, 
which presently prioritize solar PV.

 ▪ Policies to spur investments in RE are critical. The 
average annual investment required in solar PV and 
onshore wind in the AP and NNP scenarios is about 
thrice the level of present investment. Thus, policies to spur 
investment are critical for achieving the required transition 
scale. Policies to reduce financing costs will be critical: 
the weighted average cost of capital for green investment 
in India is estimated at 8.2 percent, almost double 
that of the United Kingdom and the European Union 
(Ameli et al. 2021). 

 ▪ Measures are required to ensure a more just and 
equitable transition away from fossil power generation. 
Planning for economic diversification and livelihood 
generation within coal-rich areas will be crucial. Moreover, 
the massive projected scale-up of RE, estimated to be 
over 10 times more land-intensive than coal per unit 
of electricity produced (Gross 2020), warrants a careful 
evaluation of potential land-use impacts and suggests the 
need for proactive policy measures such as incentives for 
rooftop solar or offshore wind (Poojary et al. forthcoming).

 

INTRODUCTION
Background
India’s electricity demand increased at a compound annual 
growth rate (CAGR) of 6.4 percent from 2000 to 2019 
(IEA 2021b). Electricity consumption has grown faster 
than the overall energy demand over the past two decades, 
mostly due to rapid urbanization and industrialization (IEA 
2021a). Among end-use sectors, over three-fourths of this 
electricity was consumed in the buildings and industry 
sectors (CEA 2020). 

The trend of increasing electricity consumption is likely to 
continue because India’s present (2022) per-capita electricity 
consumption is still about a third of the global average (CEA 
2020). New policy initiatives such as vehicle electrification and 
green hydrogen production (through electrolysis) are expected 
to play a crucial role in achieving India’s 2070 net-zero vision 
(MoEFCC 2022) and will significantly increase India’s long-
term electricity demand. 

India’s annual electricity generation was estimated at 1,624 
terawatt-hours (TWh) in fiscal year (FY) 2022–23 (MoP 
2023a). Coal is the dominant source of electricity generation, 
contributing about 73 percent of the total generation (CEA 
2023a). According to a Central Electricity Authority (CEA) 
report, the projected electricity generation by 2029–30 will 
increase by 50 percent to nearly 2,440 TWh, of which over 
half will still be from coal (CEA 2023c).

Planning a transition from a primarily coal-based- to a 
low-carbon electricity-supply system is essential, given India’s 
growing electricity demand and its long-term climate target. 
Among the sectoral transitions, the power-sector transition 
is especially important because it will also impact the 
decarbonization trajectory of various end-use sectors, such as 
transport, industries, and buildings, as they switch from fossil 
fuels to electricity to meet their future energy demand. 

Profile of India’s power sector
Emissions 
About half of the total carbon dioxide (CO2) emissions in 
India at present are estimated to originate in the power sector 
(CEA 2023b), with emissions from the sector in FY2021–22 
estimated at about a billion tonnes of CO2 (Figure 1).

Almost all the power-sector emissions can be attributed 
to coal-based power plants due to their dominant share of 
about 73 percent in the electricity generation mix, whereas 
gas accounts for a negligible share, about 1.5 percent (Figure 
2). Non-fossil sources1 (solar, wind, hydro, biomass, and 
nuclear), which together account for about 25 percent, do not 
contribute to direct power-sector CO2 emissions.
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Figure 1  |  Absolute CO2 emissions from the power sector (actual and projected)

Figure 2  |  Installed electricity capacity by March 2023 and annual gross generation for FY2022–23
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At 0.70 kgCO2/kWh, the weighted average emission factor 
of India’s grid remains among the highest in the world (IEA 
2021b), and efficiency improvements alone will not achieve 
deep decarbonization of the power sector.

Moreover, coal-based generation is responsible for 60 percent 
of particulate matter (PM2.5), 30 percent of nitrogen oxides 
(NOx), and 45 percent of sulfur oxides (SOx) (Bhati and 
Ramanathan 2017). Northern India is plagued by poor 
air quality, and thermal power plants are an important 
contributing factor (CAG 2022). 

Coal use 
The power sector has consistently been the main consumer 
of domestically produced coal. During FY2022–2023, the 
Ministry of Coal reported that 524 megatonnes (Mt) of 
coal—83 percent of the total supply of non-coking coal—was 
supplied to the power sector (MoC 2023). 

Coal is the most abundant fossil fuel in India, whose total 
measured reserves were over 350 billion tonnes in 2022 (MoC 
2022b). Coal production has steadily grown by 60 percent 
over the last 11 years, from 556 Mt in 2013 to 778 Mt in 2022 
(MoC 2022a). The coal industry employs about 3.6 million 
people from 159 districts (Pai 2021). 

Water use
Freshwater consumption by thermal power plants rose from 
1.5 to 2.1 trillion liters between 2011 and 2016, paralleling 
the corresponding growth in generation from 708 TWh to 
994 TWh over the same period, and is expected to continue 
to rise (Luo et al. 2018). The gravity of the power sector’s 
water intensity is evident given that 39 percent of freshwater-
cooled thermal capacity, which generates 34 percent of total 
electricity, is installed in high-water-stress regions (Luo 
et al. 2018). When other critical competing water uses are 
considered, such as in the agriculture sector, the opportunity 
cost of using water in the power sector is very high.

Announced targets for the power 
sector
In August 2022, India submitted its updated first Nationally 
Determined Contribution (NDC) under the Paris Agreement 
for the period 2021–30 (UNFCCC 2022). The updated 
document sets three targets for 2030, one of which pertains 
to the power sector, namely, to achieve 50 percent cumulative 
installed electricity capacity from non-fossil sources; the 
earlier target of 40 percent was reached in 2021 (PIB 2021b). 
Earlier, at the 26th Conference of Parties (COP 26) in 
November 2021, the prime minister had announced India’s 

intention of installing 500 GW of non-fossil electricity 
capacity by 2030 (PIB 2022), although this was not included 
in India’s updated NDC. 

India also unveiled its Long-Term Low-Carbon Emissions 
Development Strategy (LT-LEDS) in November 2022 
(MoEFCC 2022). Although the document sets no 
quantifiable long-term power-sector targets, it identifies 
expanding RE capacity, adding flexibility and stability to the 
electricity grid by scaling up storage capacity and exploring 
the role of green hydrogen, fuel cells, and biofuels as elements 
of its strategy for long-term low-carbon development of 
India’s electricity system.

Despite India’s ambitious NDC commitments, coal is 
expected to continue to play an important role in electricity 
supply in the short to medium term, contributing to over half 
of the total projected electricity generation in 2030 (CEA 
2023c). This, together with the contribution of domestic 
coal production to economic output and employment, has 
motivated India’s position in favor of a considered phase-down 
of coal-based power generation (as opposed to a phase-out) in 
international climate negotiations (Volcovici 2021).

MOTIVATION FOR THE STUDY
A review of the Indian government’s power-sector plans 
reveals short- to medium-term planning. The National 
Electricity Plan 2023 outlines a detailed electricity-supply 
plan for the period 2022–27 and a prospective plan for the 
period 2027–32 (CEA 2023b). Similarly, another report 
explores a least-cost technology mix in the power sector to 
meet the projected demand by FY2029–30 (CEA 2023c). 

These reports, though comprehensive, do not include long-
term plans beyond 2030. By several accounts, India is set to 
meet its NDC commitments by 2030 (PIB 2021a). Beyond 
2030, however, there is scope for exploring various power-
sector policy scenarios that can inform long-term target 
setting and policy planning for a successful power-sector 
transition in line with the 2070 vision. Transition pathways 
for the sector consistent with India’s 2070 vision are likely 
to require a significant phase-down in fossil fuel capacity or 
a significant uptake of carbon capture and storage (CCS) by 
2050 (Durga et al. 2022). 

Toward this end, we present three scenarios of electricity 
supply through 2050, based on different assumptions related 
to power-sector policies and technology uptake. This is 
followed by a comparative analysis of outcomes of interest—
technology choices, financial costs, CO2 emissions, air 
pollution, and water use—across the three scenarios and their 
policy implications. 
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Literature review
Scenario modeling is a reliable method of informing long-
term power-sector planning that extends beyond the time 
frame of existing government reports. The literature on 
long-term policy scenarios for India’s power sector is limited. 
Appendix A lists relevant publications since 2021 and sum-
marizes their respective modeling approaches.

Durga et al. (2022) present a systematic literature review 
of national modeling studies on India’s 2030 and 2050 
decarbonization pathways that considers 16 national and 9 
sectoral power-sector pathways that differ in their approach, 
assumptions, and time frame. Due to these differences, data 
are insufficient to establish a robust, comparative analysis 
of power-sector transitions, particularly for the long term. 
Notably, the authors observe a large variance in the electricity 
demand projected by these models, which is attributed to the 
lack of integration of the demand and supply sectors of the 
economy in a single framework. Durga et al. suggest that there 
is ample scope for assessing alternative long-term pathways, 
particularly those that explore a higher share of variable 
renewable energy (VRE). Existing studies have limitations 
in capturing systemic changes due to a high share of VRE 
in generation, such as the scale and type of energy storage 
technologies and demand response implementation. These 
are some aspects of the power-sector transition that will be 
explored in this study.

Methods
We explore three scenarios for the power sector using the 
India Energy Policy Simulator (EPS) version 3.1.3.5, an 
open-source system dynamics model with economy-wide 
coverage.2 The model divides the economy into power, 
industry, buildings, transport, and land-use sectors and enables 
users to simulate the implications of climate policies enacted 
within these sectors for emissions and economic performance 
through 2050 within an integrated framework that captures 
cross-sectoral interactions. The model can simulate policy 
options such as pricing policies (e.g., taxes on fossil fuels 
and subsidies for clean energy) and mandates (e.g., for the 
adoption or retirement of specific technologies). 

In the power sector, the EPS uses a least-cost logic to 
determine which technologies to use for constructing power 
supply to meet a given demand, subject to the fulfillment of 
any specified policy mandates. To project energy-demand 
growth, economic growth at a CAGR of 6 percent through 
2050 is assumed (see Appendix B). The model simulates price 
effects by combining exogenous projections of technology 
(and fuel) costs, with the effects of any specified pricing 
policies (taxes or subsidies) in a scenario. The model also uses 
an endogenous learning curve to account for the “learning-
by-doing” effects of local technology diffusion on technology 

costs in the case of emerging technologies, namely, solar 
photovoltaic (PV), wind, battery storage, and hydrogen. All 
monetary estimates are in constant 2018 prices. Full details of 
the model’s structure, approach, data sources, and assumptions 
can be found in the model’s technical note (Swamy 
et al. 2021a). 

The systems dynamics framework of the model allows for 
a more realistic representation of the dynamic interaction 
between the chosen policies and the economy than is possible 
with existing modeling approaches (most of which use a 
computational general equilibrium or partial equilibrium 
approach), potentially giving rise to overall effects that are 
different from the sum of the effects of the enacted individual 
policies. For example, mandates or subsidies to promote the 
uptake of a technology can create a reinforcing loop, whereby 
increased uptake of the technology due to these policies 
further reduces technology prices due to learning effects. The 
reduction in technology prices, in turn, reinforces technology 
uptake, allowing the model to represent S-curve growth 
dynamics, a well-recognized and widely accepted phenomenon 
in technology transitions (Schilling and Esmundo 2009) that 
is not represented in conventional models. 

We first use the EPS to estimate long-term electricity 
demand, considering the transition from fossil fuels to 
electricity and green hydrogen required in the main energy 
end-use sectors of the economy—buildings, industry, and 
transport—to put the economy on course toward its 2070 
net-zero target, based on Swamy et al. (2021b) with minor 
updates to policy settings to align it with subsequent 
policy announcements.

We then construct three alternative power-supply scenarios to 
meet the calculated electricity demand. The scenario narratives 
and underlying assumptions are discussed in the next section 
(titled “Long-Term Electricity-Demand Projection”). The 
assumptions and policy choices modeled in the scenarios are 
based on a literature review (see Appendix C) and validated 
through expert consultations (see Appendix D). The scenarios 
represent three alternative power-supply futures and their 
implications for technology choices, costs, CO2 emissions, 
air quality, and water use. The scenarios use what-if analysis, 
simulating the plausible outcomes of a set of policy actions (or 
inaction) as opposed to representing an optimal solution for 
reaching a specified future target. By presenting a comparative 
assessment of our scenario outcomes, we aim to inform 
medium- to long-term policy development in the sector. 
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Limitations
The economy-wide coverage of the EPS enables the model 
to capture interactions between power-sector policies and 
the rest of the economy within an integrated framework. 
However, its representation of the power sector is less detailed 
than that of power-sector-specific models:

 ▪ The India EPS version 3.1.3.5 matches national electricity 
demand and supply at annual timescales.3 Unlike power-
sector models, it does not endogenously model regional 
and seasonal variability in electricity demand and supply; 
rather, the EPS estimates peak hour demand and aggregate 
supply capacity based on exogenous inputs. Because the 
EPS simulates in annual time steps, it uses the concept 
of a “flexibility point” to reconcile the intermittency of 
variable generation technologies. A flexibility point is a 
notional unit that can support one unit of solar and/or 
wind generation. Each year, the demand for the minimum 
number of required flexibility points to optimally utilize 
the installed capacity of solar and wind power plants is 
calculated. Flexibility points can be supplied through 
different means – by building natural gas peaker plants 
and battery energy storage, enhancing demand response 
capacity, and improving transmission infrastructure. If 
more solar PV or wind is built than can be supported via 
available flexibility points, the model begins curtailing 
power from these sources, and the expected capacity factors 
of new plants of those types are reduced accordingly, which 
in turn affects relative technology costs and consequently 
the selection of power-supply technologies, based on the 
model’s least-cost logic.

 ▪ The India EPS does not represent different sub-
technologies within each given technology type. For 
example, coal plants are a single category, and no 

distinction is made between subcritical, supercritical, and 
combined cycle types. Pumped hydro is not considered a 
form of energy storage.

 ▪ A quantitative analysis of the potential socioeconomic 
impacts of India’s energy transition (e.g., on employment, 
income distribution, and energy security), although 
relevant, is beyond the scope of this working paper. 
Evaluating such impacts is a critical element of long-term 
policy planning for a just transition and is an important 
area for future work. 

LONG-TERM ELECTRICITY-
DEMAND PROJECTION
The India EPS projects the total electricity demand in a 
Reference scenario—which considers existing policies as 
of 2020 (Swamy et al. 2021a)—to reach 2,104 TWh by 
2030 and 3,561 TWh by 2050, from about 1,300 TWh in 
2021 (CEA 2022b).4 

The growth in electricity demand, approximately 1.6 times by 
2030 and 2.8 times by 2050 since 2021, is primarily driven by 
increasing urbanization and industrialization. Moreover, new 
policies to replace fossil fuels in the industry and transport 
sectors with electricity and green hydrogen are expected 
to play a crucial role in achieving India’s 2070 net-zero 
vision (MoEFCC 2022), adding considerably to India’s 
long-term electricity demand over and above the Reference 
scenario projections.

A scenario using the India EPS that considers such a case is 
the Long-Term Decarbonization (LTD) scenario (Swamy et 
al. 2021b), which assumes additional policies for the uptake of 
electricity and green hydrogen in industry and transport from 
2030 to put the Indian economy on a pathway aligned with its 
2070 target. Table 1 presents a comparison of key assumptions 
between the LTD and Reference scenarios.

Note: All values in the table are percentages. a. EV = electric vehicle. H2V = hydrogen vehicle. b. With the electricity mix determined by policy settings and other factors.
Source: The authors, based on Swamy et al. (2021b).

Table 1  |  Comparison of key determinants of long-term electricity demand in the EPS Reference and LTD scenarios  

POLICY REFERENCE SCENARIO (2050) LTD SCENARIO (2050)

Industrial electrification and hydrogen mandate 
(% fossil fuel use substituted in industrial sector)

0 50

EV/H2V
a sales mandate (% of new vehicle sales)

Cars 35 80

Buses 23 50 (+25 H2V)

Light-freight vehicles 14 70

Heavy-freight vehicles 4 25(+45 H2V)

Two-wheelers 38 100

Three-wheelers 30 100

Hydrogen production via electrolysis mandateb 
(% of hydrogen produced that is green)

0 100
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The LTD scenario sees the total electricity demand increase 
to 5,188 TWh in 2050, approximately 46 percent more than 
the electricity demand in the Reference scenario in the same 
year. Over the period 2021–50, electricity demand increased at 
a CAGR of 4.6 percent in the LTD scenario compared to 3.6 
percent in the Reference scenario (see Figure 3). In terms of 
the sectoral share of electricity demand in the LTD scenario, 
in 2050, industry accounts for the largest share (42 percent), 
followed by buildings (25 percent), green hydrogen production 
(22 percent), and transport (11 percent).

ELECTRICITY-
SUPPLY SCENARIOS

Scenario narratives
We use the EPS LTD scenario as the source of electricity 
demand, given that it accounts for increasing electrification 
and green hydrogen production across the economy required 
in line with India’s net-zero target. We construct three 
alternative power supply scenarios through 2050, each with 
a unique narrative and set of assumptions about the power 
sector to meet the previously calculated demand. The supply 
scenarios are described as follows.

Ambitious Policy scenario
The Ambitious Policy (AP) scenario actively pursues power-
sector policies with a high potential for emissions reduction 
after 2030. Policies modeled in this scenario are chosen 
using two criteria:

 ▪ Their alignment5 with existing power-sector policies and 
new policy options being considered in India, such as 
carbon pricing (PIB 2020). 

 ▪ Their relative effectiveness (relative to other policy options 
available in the model for the power sector) in contributing 
to medium-to-long-term GHG emissions abatement.

Key policies assumed in the scenario include mandates 
specifying a minimum proportion of carbon-free electricity 
generation and the phased retirement of coal power plants. 
The former builds upon the existing Renewable Purchase 
Obligation (RPO)—a de facto generation target—that 
mandates the share of carbon-free electricity purchased by 
electricity distribution companies (DISCOMs) and indus-
trial consumers (MNRE 2023). The latter builds upon the 
announcement by four states—Gujarat, Chhattisgarh, Kar-
nataka, and Maharashtra—that they would add no new coal 
power (Climate Trends 2021). It assumes a gradual retirement 
schedule for existing coal capacity which linearly increases 
over time from 0 MW/year in 2027 to 900 MW/year in 2030 
and 7000 MW/year in 2050. 

Among pricing policies, we assume a carbon tax on emissions 
from the power sector that builds on the cess of INR 400 per 
tonne presently levied on coal production—approximately 
$4 per tonne of CO2 in carbon tax equivalent terms (IISD 
2018)—in a phased manner over time. Table 2 summarizes 
key policies, together with their implementation assumptions. 
We do not assume any RE subsidies because they have been 
declining as RE achieves cost parity with fossil fuels, falling 
by nearly 45 percent between 2017 and 2020 (Viswana-
than et al. 2021).

In addition, this scenario assumes policy mechanisms to 
support the integration of intermittent VRE into the electric-
ity grid, including the addition of grid battery storage and 

Figure 3  |  Projected electricity demand in EPS Reference and LTD scenarios until 2050  

Note: Energy Policy Simulator. LTD = Long-Term Decarbonization. TWh = terawatt-hour.
Source: Authors’ analysis using India Energy Policy Simulator, based on Swamy et al. (2021b). 
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demand response capacity. The full set of policies and the 
rationale for their implementation assumptions are pre-
sented in Appendix C.

No New Policy scenario
The No New Policy (NNP) scenario pursues no additional 
power-sector policies beyond the existing policies announced 
as of 2020, which are assumed to continue to operate until 
the end of their specified period. Capacity expansion is 
determined by cost considerations alone; that is, the simula-
tor chooses the least-cost technology options to meet the 
electricity demand. This scenario sees no new coal capacity 
additions after 2030, and coal capacity remains nearly con-
stant (natural retirements slightly reduce capacity over time) 
from 2030 to 2050.

The assumptions of this scenario correspond to the assump-
tions for the electricity sector made in the Reference Scenario 
of the model, which is discussed in the model’s technical 
note (Swamy et al. 2021a). The key assumptions are summa-
rized as follows:

 ▪ Based on actual progress, approximately 60 percent of 
the 175 GW target of installed RE capacity by 2022 
(comprising 100 GW solar, 60 GW wind, 10 GW 
biomass, and 5 GW small-scale hydro), set by the Ministry 
of New and Renewable Energy (NITI Aayog 2022), is 
assumed to be achieved.

 ▪ Annual capacity additions for conventional sources and 
retirement for existing coal and lignite capacity (up to 
2027) are based on the CEA’s 2018 National Electricity 
Plan (CEA 2018), accounting for the retirement of 

approximately 43 GW of coal-based thermal generation 
capacity between 2018 and 2027. 

 ▪ Must-run status for RE generation under the Indian 
Electricity Grid Code (Central Electricity Authority India 
2010) is assumed to continue through the model run.

 ▪ Availability of 34 and 74 GW of grid battery storage 
capacity by 2030 and 2050, respectively, is assumed.

Renewable Energy Bottleneck scenario 
Renewable Energy Bottleneck (REB) is a pessimistic scenario 
that assumes no additional policies. In addition, it assumes 
that the market-driven growth of solar and wind technologies 
will be constrained by on-ground implementation challenges. 
The scenario assumes that the annual capacity additions 
of solar PV and onshore wind6 up to 2030 will not exceed 
their respective historical maxima achieved since 2015 
(see Figure 4). For years after 2030, we relax the constraint 
and limit annual capacity additions to twice the respective 
historical maxima. 

For onshore wind, capacity grew at a CAGR of 8 percent 
between 2015 and 2022, with the maximum annual capacity 
addition being achieved in 2016, when 5.5 GW of capacity 
was added (CEA 2017). This is set to be the maximum 
permissible annual capacity addition until 2030, after which it 
is doubled to 11 GW. 

Solar PV grew at a CAGR of 47 percent over this period, with 
the maximum annual capacity addition of 13.9 GW occurring 
in 2021 (CEA 2022a). Similarly, this defines the upper limit 
for the permissible annual capacity addition for solar PV until 
2030, after which this limit is doubled to 27.8 GW.

Table 2  |  Key policies and their implementation assumptions in the Ambitious Policy scenario  

POLICY DESCRIPTION ASSUMED SETTINGa

2030 2050

Carbon-free electricity generation mandate (%)b Specifies the minimum proportion of 
electricity to be generated from non-fossil 
sources by the target years.

49 75

Retirement of coal-fired power plants (MW) Annual capacity retirement of coal-based 
power plants reaches these levels in the 
target years

900 7,000

Carbon tax The tax per tonne of CO2 emissions from 
electricity generation grows annually to 
reach these levels in these target years (in 
2018 prices).

INR 1,100

($17)

INR 3,500

($50)

Note: a. Unless otherwise mentioned, the policy rate of policy implementation is linearly increased between 2030 and 2050 to reach the full policy setting in 2050.

b. Carbon-free sources include solar, wind, hydro, nuclear, and biomass.

Source: Compiled by the authors from the literature review and expert consultations listed in Appendices C and D.
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Several practical factors that could constrain the market-
driven growth of solar and wind technologies have been 
acknowledged, including technical challenges in increasing the 
flexibility of the electricity grid to accommodate the growing 
share of intermittent RE sources, lock-in of DISCOMs to 
long-term power purchase agreements with thermal power 
producers, and challenges in land acquisition for land-
intensive RE projects (Regy et al. 2021; Gagal 2022). 

To reflect such potential on-ground implementation 
challenges in this scenario, the authors have specified an upper 
limit on the annual deployment of solar and wind capacity by 
the model using the approach described above. This scenario 
sees the need for more coal capacity addition after 2030.

Scenario results
GHG emissions
The AP and NNP scenarios both see power-sector emissions 
peak in 2024 at just over a billion tonnes of CO2 (BtCO2). 
Emissions show a similar trend in both scenarios, gradually 
declining through the early 2030s. The AP scenario sees the 
rate of decline in emissions pick up after this, with emissions 
reducing by almost 70 percent from the peak year to about 0.3 
billion tonnes of CO2 (BtCO2) in 2050. The NNP scenario 
sees emissions stabilize in the long term at about 0.8 BtCO2, 
which is close to the present level of emissions. The REB 

Figure 4  |  Historical annual capacity additions for solar and onshore wind power, 2015–2022  

Source: The authors’ compilation, based on data from CEA (2023).
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Figure 5  |  Annual power-sector CO2 emissions in the three scenarios through 2050
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scenario, on the other hand, sees a steady rise in emissions, 
with emissions approximately doubling from the present level 
to reach 1.8 BtCO2 by 2050 (see Figure 5).

In cumulative terms (see Figure 6), the AP scenario avoids 
nearly 5 BtCO2 (62 percent) and 17 BtCO2 (82 percent) over 
the NNP and REB scenarios, respectively.

Installed electricity capacity, generation, and 
grid flexibility
Installed capacity. Coal-fired power plants—212 GW at 
present—account for the highest share of total installed 
capacity (51 percent). By 2050, the AP and NNP scenarios 
have a phase-down in coal-based capacity of 73.5 percent 
(a reduction of 156 GW) and 29 percent (a reduction of 61 
GW), respectively, from the present level.7 Extrapolating the 
rate of reduction in coal-based capacity in the AP scenario, the 
remaining 56 GW (approximately) in 2050 could be phased 
down by about 2060. In contrast, the REB scenario requires a 
net addition of another 121 GW of coal-based capacity, taking 
the total to 334 GW in 2050, 1.5 times greater than the pres-
ent capacity (see Figure 7).

All scenarios see a significant increase in non-fossil installed 
electricity capacity over time. This is also true of the REB sce-
nario, which sees a faster rate of increase in non-fossil capacity 
additions than coal, leading to their growing share in total 
installed capacity over time. India’s NDC target of achieving a 
50 percent share of non-fossil capacity by 2030 is achieved in 
all three scenarios (see Table 3).

Among non-fossil sources, solar PV sees the highest capacity 
increase among the three scenarios, emerging as the dominant 
technology in India’s future electricity supply. By 2050, all 
scenarios see an at least 10 times increase in solar capacity 
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Figure 6  |  Cumulative power-sector GHG emissions in 
the three scenarios through 2050

Figure 7  |  Total installed capacity in the three scenarios in 2030, 2040, and 2050 by power plant type

Note: AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck.

Source: CEA (2023c) for 2023 and authors’ analysis using India Energy Policy Simulator for all future years.
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from the present capacity of about 66 GW. The AP scenario 
sees the maximum growth, with an approximately 17-fold 
capacity increase.

After solar PV, wind sees the next highest increase. By 2050, 
all scenarios see an at least sevenfold increase in present 
capacity. However, it is interesting to note that the maximum 
wind-based capacity is achieved in the NNP (786 GW) and 
not in the AP (631 GW) scenario. This is because in the 
absence of any new policies, grid storage capacity emerges as 
a constraint in the NNP scenario over the long term, result-
ing in a preference for a more balanced mix of solar and wind 
capacities—which typically produce energy at different times 
during the day—as opposed to a solar-dominated mix in the 
AP scenario (see the run-in heading titled “Grid flexibility” 
later in the paper). 

In the absence of any assumed subsidies, offshore wind sees 
negligible capacity addition in our scenarios because of its 
considerably higher capital costs at present, which are approxi-
mately 3–4 times higher per unit of capacity than those of 
solar PV and onshore wind. The recently announced viability 
gap funding scheme for offshore wind could bring down the 
cost of offshore wind (PIB 2024). However, the scheme is not 

considered in our scenarios, and whether offshore wind can 
compete with onshore wind and solar PV in the long run is 
unclear as of today.

In terms of other non-fossil fuels, all three scenarios demon-
strate a similar increase in large hydro capacity of between 96 
GW and 111 GW by 2050, which translates to a multiplier 
of 2–2.4 times with respect to the presently installed hydro 
capacity of 47 GW. For nuclear power, the REB scenario, 
with constraints on solar and wind growth, sees an increase 
of nine times the 2023 installed capacity of 7.5 GW by 2050 
versus an increase of approximately 2.5 times in the other 
two scenarios.8

Generation. Coal maintains a higher share in electricity 
generation than its corresponding share in installed capacity 
because of an average capacity utilization factor that is more 
than double that of solar PV and wind. However, its share in 
electricity generation declines over time across all scenarios 
from its present share of 73 percent. By 2050, the share of coal 
declines considerably to 7 percent and 16 percent in the AP 
and NNP scenarios, respectively. In the REB scenario, coal 
still occupies a 39 percent share of the generation mix in 2050 
(see Figures 8 and 9).

Table 3  |  Achieved non-fossil installed capacity in the three scenarios in 2030 and 2050  

SCENARIO 2030 2050

CAPACITY (GW) PERCENTAGE (%) CAPACITY (GW) PERCENTAGE (%)

AP 411 64.2 1918 96.2

NNP 403 63.3 1911 90.6

REB 328 55.8 1260 77.9

Note: AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck. GW = gigawatt.

Source: The authors’ analysis using India Energy Policy Simulator.

Figure 8  |  Generation in the three scenarios in 2030, 2040, and 2050 by fuel source

Note: Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck. TWh = terawatt-hour.

Source: CEA (2023c) for 2023 and the authors’ analysis using India Energy Policy Simulator for all future years.
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By 2050, the share of VRE in total electricity genera-
tion in the AP and NNP scenarios increases to 83 percent 
and 74 percent, respectively, from a meager 11 percent at 
present. In the REB scenario, the share of VRE shows a 
considerably slower growth, contributing to 44 percent of 
generation in 2050.

It is noteworthy that the share of carbon-free electricity 
generated in 2050 comfortably exceeds the policy-mandated 
minimum of 75 percent in the AP scenario. However, the 
policy is important for driving VRE uptake in the earlier 
years, which reduces technology costs and in turn accelerates 
technology adoption in subsequent years (see Appendix E for 
the unit technology cost trends observed in the model).

Grid flexibility. The increasing share of VRE in the electric-
ity mix over time makes it necessary to build flexibility in the 
electricity grid to match demand with intermittent supply. 
9The AP scenario, which sees the most significant growth 
in the VRE share, relies on two main supporting policies to 
increase grid flexibility to integrate the growing share of VRE 
(see Appendix C for the details):

 ▪ Demand response: Demand response programs to enable 
a potential shifting of up to 38 GW of peak electricity 
demand by 2030 and 108 GW by 2050 during periods 
of excess supply.

 ▪ Grid battery storage: Policies to scale grid battery storage 
capacity to 34 GW by 2030, increasing to 298 GW by 
2050 to store energy during periods of excess supply for 
use during high-demand periods. 

In the absence of any supporting policies, the model assumes 
the availability of a grid battery storage capacity of 34 GW 
by 2030 and of 74 GW by 2050 (Figure 10). In the REB 
scenario, flexibility requirements for VRE integration are 
entirely met by this modest storage capacity together with 
surplus coal capacity. 

The NNP scenario, which sees a higher share of VRE and a 
lower share of coal in electricity generation than in the REB 
scenario, presents an interesting case of flexibility constraints 
due to the lack of supporting policies, which manifests itself 
in two ways in the scenario to minimize VRE curtailment at 
the least cost:

 ▪ A preference for a more balanced mix of solar PV and 
wind—which typically differ in the amount of energy 
they generate at different times during the day and across 
seasons—thereby reducing the intermittency of overall 
electricity supply and the need for grid flexibility compared 
to a solar-dominated mix in the other scenarios.

 ▪ Construction of 27 GW of natural gas peaker plant 
capacity to provide additional flexibility.

The NNP scenario illustrates that the growth of grid energy 
storage capacity—negligible at present—is unable to maintain 
the pace required to integrate the growing VRE capacity 
in the absence of any new policies, which underscores the 
importance of grid flexibility as an area of medium-term 
policy priority. 

Figure 9  |  Share of generation in the three scenarios in 2030, 2040, and 2050 by fuel source 

Note: AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck.

Source: CEA (2023c) for 2022 and the authors’ analysis using India Energy Policy Simulator for all future years.
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Moreover, the requirement for grid flexibility would be even 
greater in a solar-dominated VRE growth trajectory, which is 
anticipated in India, with solar PV capacity being added at a 
much faster rate than wind over the last decade and finding 
greater emphasis in policy targets (MNRE 2023). Targeting a 
more balanced mix of solar PV and wind in electricity supply 
in the long term could be a relevant policy consideration to 
ease storage needs, signaling a potential rethink of long-term 
policy targets, which presently emphasize solar PV.

Carbon intensity of electricity 
The average carbon intensity10 of the electricity grid falls 
over time in all three scenarios, given the increasing share 
of non-fossil sources in electricity generation. The present 
carbon intensity of the Indian electricity grid is about 700 
gCO2/kWh, compared with the global average of 475 gCO2/
kWh and the EU average of 225 gCO2/kWh (IEA 2021a; 
CEA 2022c). India’s grid carbon intensity approaches the 
present global average in about five years in the AP and NNP 
scenarios, and in 10 years in the REB scenario (Figure 11).

Note: AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck.
Source: CEA (2023c) for 2022 and the authors’ analysis using India Energy Policy Simulator for all future years.

AP AP APNNP NNP NNPREB REB REB
2030 2040 2050

0

50

100

150

200

250

300

Figure 10  |  Grid battery storage and peak gas capacity in the three scenarios in 2030, 2040, and 2050 
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Figure 11  |  Annual carbon intensity of electricity generation through 2050 in the three scenarios
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From an emissions mitigation perspective, the full impact of 
India’s ambitious plans of electrifying transport and green 
hydrogen production depends on the pace of decline in the 
carbon intensity of the electricity supply. In the REB scenario, 
even in 2050, India’s grid carbon intensity (321 gCO2/kWh) 
is comparable to the direct combustion of fossil fuels such as 
coal (326 gCO2/kWh) and oil (292 gCO2/kWh) (Carbon 
Independent 2023). In the AP and NNP scenarios, India’s 
grid carbon intensity becomes the cleaner alternative to direct 
fossil fuel combustion. This highlights the importance of 
continued policy emphasis on power-sector decarboniza-
tion as electricity increasingly replaces the use of these fuels 
across the economy over time.

Electricity-supply expenditure
In this section, we compare the total expenditure—compris-
ing capital cost, fixed operations and maintenance (O&M) 
cost, and fuel cost—on electricity supply across the three sce-
narios. The model uses an endogenous learning curve for the 
capital costs of emerging power-sector technologies, namely, 
solar PV, wind, and battery storage, which fall with increas-
ing deployment in a scenario to reflect the development of 
economies of scale. The capital costs of other technologies, 
O&M, and fuel costs are based on the literature and are 

assumed to remain fixed over time (see Appendix E). All cost 
estimates are in constant 2018 prices and assume no discount-
ing of future costs. 

The total projected expenditure through 2050 is comparable 
across the three scenarios and is in the range of INR 139–145 
lakh crores11 ($2,032–2,119 billion) in 2018 prices (Figure 12). 
Capital expenditure consistently accounts for about half the 
share of the total expenditure (Figure 13). 

Figure 12  |  Total electricity-supply expenditure through 
2050 in the three scenarios       
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The AP scenario sees the highest capital expenditure among 
the scenarios, driven by investment in VRE and storage 
technologies, despite accounting for the reduction in unit 
costs of these technologies with technology diffusion over 
time.12 Of the total capital expenditure of INR 80 lakh crores 
($1,169 billion)13 through 2050 in the scenario, investment in 
solar PV (43 percent) accounts for the largest share, followed 
by onshore wind (35 percent) and battery storage (11 percent). 
Together, these account for almost 90 percent of the total 
investment (see Figure 14). 

The storage-constrained NNP scenario sees a higher share of 
investment in wind (46 percent) than in solar (39 percent). 
The lower investment in storage in this scenario cuts the 
total capital expenditure by about 6 percent compared to 
the AP scenario. 

It is noteworthy that even in the REB scenario, investment 
in non-fossil capacity significantly outweighs that in new 
coal capacity, which accounts for only 18 percent of the total 
investment through 2050. The considerably higher share 
of coal in electricity generation in this scenario reduces the 
requirement of total installed electricity capacity14 and cuts 
the capital expenditure by about 12 percent compared to 
the AP scenario. 

In all three scenarios, the average annual investment over the 
period 2023–50 in solar PV and onshore wind capacity is at 
least twice as much as the investment level as of 2021. India 
was then among the top 10 countries in the world in terms 
of annual capacity added for both solar and wind power, 
which together saw a total investment of approximately $10 
billion (REN21 2022). However, this represents only about 
a third of the annual average investment required from 2023 
to 2050 in these technologies in the AP and NNP scenarios 
and about half of the required annual amount in the REB 
scenario, highlighting that policies to accelerate investment in 
these technologies will be critical to achieving the scale of the 
electricity-supply transformation required. 

In terms of total expenditure, the REB scenario is still mar-
ginally more expensive than the other two scenarios, primarily 
due to greater fuel expenditure. Between the AP and NNP 
scenarios, the NNP scenario, interestingly, sees a lower total 
expenditure because of relative savings on capital expenditure 
on energy storage. This indicates that an electricity-supply 
system with a balanced mix of solar PV and wind could 
potentially be more cost-effective than a solar- or wind-
intensive scenario.

Environmental co-benefits: Water use 
and air quality

Water use. Coal-based power generation is the most water-
intensive form of electricity production (see Appendix F). On 
comparing the annual water consumption (Figure 15), the 
REB scenario, which adds 122 GW of coal capacity between 
2030 and 2050, sees the annual water consumption in the 
power sector more than double over this period. In contrast, 
in the NNP and AP scenarios, water consumption is cut by 
10 percent and 50 percent, respectively, by 2050 from 2030 
levels. In cumulative terms, the AP scenario saves 12 trillion 
liters and 60 trillion liters over the NNP and REB scenarios, 
respectively (see Figure 16).

Figure 14  |  Cumulative capital expenditure through 
2050 in the three scenarios

Note: AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy 
Bottleneck. BESS = battery energy storage system. Ofs = offshore. Ons = onshore. NG 
= natural gas. 1 lakh crore = 1 trillion.

Source: Authors’ analysis using India Energy Policy Simulator. 
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Air pollutants. Increasing particulate matter pollution is a 
major concern in India. Premature mortality related to air 
pollution was estimated at 0.67 million in 2017 (Pachouri 
and Saxena 2020) and rose to 1.6 million in 2019 (Fuller et 
al. 2022). By 2050, we find that electricity-supply-related 
PM2.5 emissions in the AP scenario are cut to negligible 
levels. The NNP scenario sees a marginal decline of 18 percent 
in PM2.5 emissions by 2050 from 2030 levels, whereas the 
REB scenario sees an increase of 66 percent over this period 
(see Figure 17). 

Figure 16  |  Cumulative power-sector water 
consumption through 2050 in the three scenarios

AP NNP REB
Note: AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy 
Bottleneck. m3 = cubic meter. 1 m3 = 1,000 liters.

Source: Authors’ analysis using India Energy Policy Simulator. 
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Figure 17  |  Particulate matter (PM2.5) emission levels for electricity supply in the three scenarios in 2030, 2040, and 
2050 

Source: Authors’ analysis using India Energy Policy Simulator. 
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Table 4  |  Long-term Renewable Purchase Obligation trajectory until 2029–2030 

FINANCIAL YEAR 2022–2023 2023–2024 2024–2025 2025–2026 2026–2027 2027–2028 2028–2029 2029–2030

Total RPO (in %) 24.61 27.08 29.91 33.01 35.95 38.81 41.36 43.33

Source: MoP 2022. 

POLICY IMPLICATIONS 
Strong growth in electricity demand makes it challenging to 
bend the GHG emissions curve of India’s power sector. We 
see electricity demand quadruple by 2050 from the present as 
decarbonization efforts across the economy shift demand from 
fossil fuels to electricity. Although the 2030 NDC targets are 
met in all scenarios and the carbon intensity of electricity and 
the share of coal in electricity generation are each cut to half 
of their present values by 2050, only the AP scenario witnesses 
a significant downward bend in its emissions trajectory. This 
indicates that additional policies are likely to be required for 
deep, long-term decarbonization of the power sector. 

Three key policies can enable deep decarbonization of the 
power sector. To cut power-sector emissions to a quarter of 
present levels by 2050, the AP scenario relies on the phased 
implementation of two key policy mandates—minimum 
carbon-free electricity generation (linearly increasing over 
time to reach 75 percent by 2050) and gradual retirement of 
coal-fired power plants (linearly increasing over time to reach 
7 GW/year by 2050)—and a carbon tax in the power sector 
(linearly increasing over time to reach $50 per tonne of CO2 
by 2050). All these policies can be implemented by gradually 
building upon existing policies.

 ▪ The carbon-free electricity generation mandate is similar, 
in effect, to the existing RPO policy that mandates a 
minimum share of RE in the electricity procured by 
DISCOMs and industrial consumers. The Ministry of 
Power (MoP) has already announced the RPO trajectory 
through 2029–30 (see Table 4). Building upon this in the 
long term, together with enforcement of RPO obligations, 
which have been consistently poor in the past, will be 
key going forward.

 ▪ The retirement of coal-fired power plants is a sensitive 
subject, given the growing demand for base-load power. 
Four Indian states—Gujarat, Chhattisgarh, Maharashtra, 
and Karnataka—together with a few leading private 
power companies have committed to a no-new-coal policy. 
Collectively, the states and the companies make up 50 
percent of India’s total installed power-generating capacity 
(Climate Trends 2021). A plan for retiring inefficient coal 
power based on efficiency and environmental criteria will 
be key going forward.15 

 ▪ India introduced a tax assessment (cess) on coal production 
(subsequently renamed the Goods and Services Tax [GST] 
compensation cess) in 2010 and increased it three times 
since then to reach INR 400 per tonne of coal extracted 
in 2016 from INR 50 per tonne of coal (Garg et al. 2017). 
In terms of carbon tax equivalent, this translates to $4 per 
tonne of carbon dioxide at 2023 exchange rates, levied at 
the point of production (IISD 2018). A phased carbon 
pricing policy for the power sector that builds upon this 
could be a key method of decarbonizing the sector. This 
can be implemented in the form of a fixed carbon tax or 
an emissions trading scheme, which India has recently 
announced. In addition, it could provide a policy signal to 
spur private-sector green investment and create a stream of 
new public revenue that could be reinvested to support the 
transition. Evaluating such a policy, including its potential 
effects on electricity prices and distributional implications, 
will be the critical next step.

Supporting policies to increase grid flexibility will be crucial 
in easing bottlenecks in RE scale-up. The massive scale-up 
in grid battery storage capacity from negligible levels at pres-
ent as the share of intermittent VRE in electricity generation 
grows has been consistently recognized as a challenge. A 
recent notification by the MoP added an Energy Storage 
Obligation alongside its RPO obligations (MoP 2022). 
Scaling demand response program pilots, such as the scheme 
by Tata Power Delhi that incentivizes consumers to reduce 
electricity consumption during peak hours (Tata Power-DDL 
2022), can be an important tool to mitigate the challenge and 
ease storage requirements. Additionally, policy targets to sup-
port a more balanced growth of solar PV and wind could also 
reduce supply-side intermittency, thereby reducing the need 
for energy storage. 

Policies to reduce financing costs will be necessary to spur 
investment in VRE technologies. According to our analy-
sis, investment needs to triple in average annual terms from 
present levels to achieve the scale of the electricity-supply 
transformation required. Aside from carbon pricing, which 
can provide a policy signal to spur private green investment, 
policies to reduce financing costs will be critical for easing 
bottlenecks in scaling up investment. Although we do not 
include financing costs in our capital expenditure estimates, 
they can add significantly to the cost of capital due to the 
perceived risk profiles (regulatory, political, currency) of 
emerging economies. The weighted average cost of capital for 
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green investment in India is estimated at 8.2 percent, almost 
double that of the United Kingdom and the European Union 
(Ameli et al. 2021). 

Decarbonizing the electricity supply can ease the water 
shortage in the power sector and improve air quality. More 
than 80 percent of India’s thermal electricity generation relies 
completely on freshwater for cooling. Further, among all of 
India’s freshwater-cooled thermal utilities, 39 percent of the 
capacity is installed in high-water-stress regions (Luo et al. 
2018). We find that the AP scenario, on average, saves 266 bil-
lion liters and 2 trillion liters per year over the NNP and REB 
scenarios, respectively, between the present and 2050. The 
latter saving is more than New Delhi’s annual water demand 
of 1.7 trillion liters in 2020 (Rumi 2020). The reduced use 
of coal-fired power generation also improves air quality. By 
2050, annual PM2.5 emissions in the AP scenario are cut to 
negligible levels. 

Measures designed to mitigate the trade-offs would ensure 
a more just and equitable transition away from fossil power 
generation. Although research shows that the transition from 
coal to RE is likely to produce a net gain in jobs, the impacts 
will differ across regions (Swamy and Agarwal 2023). Over 75 
percent of domestic coal production takes place in four Indian 
states: Jharkhand, Chhattisgarh, Orissa, and Madhya Pradesh. 
Identification of the potential socioeconomic consequences of 
the transition with an emphasis on such states, together with 
policies to mitigate these impacts, will be critical.

The availability of land for accelerated uptake of RE is another 
challenge. The power density of RE is one to two orders of 
magnitude lower than that of fossil fuels, meaning that it 
requires at least 10 times more land area per unit of electricity 
produced (Gross 2020). According to a recent estimate, about 
68 percent of the existing solar projects in India are sited on 
agricultural land and about 19 percent in natural ecosystems, 
highlighting the potential impacts of RE projects on biodiver-
sity, community livelihoods, and future food security (TNC 
2022). This warrants a careful evaluation of land-use impacts 
and proactive policy measures, such as incentives for rooftop 
solar or offshore wind, to avoid potential land-related bottle-
necks to RE scale-up in the future.
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APPENDIX A. SUMMARY OF SELECTED RECENT LITERATURE ON INDIA’S 
POWER-SECTOR TRANSITION

APPENDIX B. KEY ECONOMIC ASSUMPTIONS IN THE INDIA EPS 

Table A-1  |  Selected studies on India’s power-sector transition    

STUDY NAME STUDY DESCRIPTION METHODOLOGY AND COMMENTARY

Chaturvedi and Malyan 2022 The authors examine four transition scenarios that combine 
different peaking and net-zero years for the Indian economy 
using the Global Change Analysis Model (GCAM). 

The authors use GCAM, an integrated economy-wide model, 
whose core operating principle is market equilibrium (JGCRI 
2023). 

Economy-wide models such as GCAM model potential 
interactions between the power sector and the economy 
at large, but such models are not commonly used to create 
alternative transition scenarios specific to the power sector. 
They have limited utility for power-sector outcomes.

Parikh et al. 2021 This study explores the technological options for, and 
economic implications of, achieving net zero within the 
power sector in two separate target years, 2050 and 2060, 
using the power-sector model MESSAGE.

MESSAGE and PLEXOS specialize in modeling the power 
sector, typically accounting for hourly and seasonal 
demand profiles. Although these models can be run with 
various assumptions regarding load growth and changes 
in peak demand, they are unable to endogenously capture 
interactions of the power sector with other economic 
sectors, such as the response of electricity users to a 
change in electricity costs resulting from policies enacted 
in the power sector. They are also unable to capture the 
effects of policies enacted in end-use sectors, such as the 
impact of electrification or green hydrogen production 
mandates on electricity demand.

Abhyankar et al. 2023 The authors explore a scenario in which India achieves 
near-complete energy independence by 2047, covering the 
power, industry, and transport sectors, which are analyzed 
using various models. To model the power sector, the study 
uses the power-sector simulation model PLEXOS.

Table B-1  |  Economic assumptions in the India EPSa 

YEAR 2017–2022 2022–2027 2027–2032 2032–2037 2037–2042 2042–2047

Annual average GDP 
growth rate at factor cost, 
at real prices (%)

6.20 6.40 6.40 6.30 5.20 4.70

Population (million) 1,383.6 1,453.5 1,534.9 1,592.2 1,659.6 1,704.2

Urbanization (%) 36 39 42 45 48 51

Household size 4.6 4.4 4.3 4.1 4 3.8

Urban population 
(million)

498.1 566.9 644.3 716.5 796.6 869.1

Rural population 
(million)

885.5 886.6 889.6 875.7 863 835.1

Urban households (million) 108.4 127.7 150.5 173.7 200.8 228.1

Rural households (million) 192.7 199.7 207.8 212.3 217.5 219.2

Note: a. Version 3.1.3.5. GDP = gross domestic product.

Source: India Energy Security Scenarios, NITI Aayog 2015 (low-growth scenario). See NITI Aayog (2023).
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APPENDIX C. RATIONALE FOR POLICY SETTINGS IN THE AMBITIOUS 
POLICY SCENARIO
Table C-1  |  Policy settings in the Ambitious Policy scenario    

POLICY POLICY SETTING (2050) RATIONALE FOR POLICY SETTING

Carbon tax INR 3,500 per tonne of CO2 ($50 per tonne of CO2) in 2018 
prices.

The chosen tax rate corresponds to the “modest” rate of a 
coal tax for India assumed by Parry et al. (2017). The study 
finds that a phased carbon tax reaching approximately INR 
1,200 ($17) per tonne of CO2 by 2030 can have significant 
health, economic, and environmental benefits. The authors 
assume that this value of carbon tax continues to increase 
linearly after 2030 to reach the policy setting value of INR 
3,500 ($50) by 2050. 

Carbon-free electricity standard At least 75% of the total electricity generated must 
originate from carbon-free sources.

Based on The Energy and Resources Institute’s (TERI’s) 
report (Spencer et al. 2020).

Demand Response Capacity (DRC) 108 GW Estimates for the potential growth of demand response 
in India based on a study by the Climate Policy Initiative 
(Udetanshu et al. 2020). Fifty percent of the estimated 
potential is assumed to be met by 2050.

Early retirement of power plants 7,000 MW/year We assume that coal plants will be gradually retired 
beginning with 300 MW/year annually in 2027, with the 
annual retirement rate linearly increasing to 7,000 MW/year 
by 2050. This ensures that coal capacity will be phased out 
within the decade 2050–60.

Grid-scale electricity storage 298 GW Grid battery storage potential based on the IEA’s projection 
(Pavarani 2019). Fifty percent of this potential is assumed 
to be met.

Increase the transmission 
capacity of the electricity grid

968,000 circuit-kilometers (ckm) India’s MoP projects that transmission capacity will 
increase by 65% from 2018 through 2035 (CEA 2016a), 
which is held constant during 2036–50 in our Reference 
scenario because the growth rate in years preceding 2036 
tapers off. If we assume this growth rate is sustained until 
2050, this will increase Reference scenario transmission 
capacity by 44% in 2050 to 968,000 ckm.

Reduce T&D losses 50% India currently has T&D losses of about 19% (WB 2018). 
Developed nations, particularly in Europe, have T&D losses 
of about 4%. An additional 55% policy lever setting brings 
down India’s losses by 2050 to the current level of these 
other countries.

Note: CO2 = carbon dioxide. GW = gigawatt. IEA = International Energy Agency. MW = megawatt. T&D = transmission and distribution.

Source: The authors, based on the available literature.
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APPENDIX D. EXPERTS CONSULTED FOR FEEDBACK ON SCENARIO 
POLICY SETTINGS

APPENDIX E. CAPITAL, OPERATIONAL, AND FUEL COST ASSUMPTIONS
Unit costs: Capacity addition (constant prices), fixed O&M, fuel 

Table D-1  |  Experts consulted  

S. NO NAME ORGANIZATION

1. Anoop Singh Indian Institute of Technology, Kanpur

2. Raghav Pachouri The Energy and Resources Institute (TERI)

3. Rahul Tongia Centre for Social and Economic Progress

4. Rangan Banerjee Indian Institute of Technology, Bombay

5. Rasika Athawale Regulatory Assistance Project

6. Thomas Spencer TERI

7. Usha Ramachandra Administrative Staff College of India

Table E-1  |  Fixed unit costs 

POWER PLANT 
TECHNOLOGY

UNIT CAPEX (INR LAKH/MW) FIXED O&M (INR LAKH/MW) FUEL COSTS (INR LAKH/GWH)

Coal 856 22 5.54

Gas turbine 400 17.6 11.99

Biomass 924 10 X

Onshore wind Decreasing costs 6.8 n/a

Offshore wind 2,010 67.4 n/a

Utility PV Decreasing costs 3.5 n/a

BESS Decreasing costs 8.3 n/a

Large hydro 1,000 91 n/a

Nuclear 1,000 43 1.45

Note: Consultations were held in 2020–21 during scenario creation for our previously published work (Swamy et al. 2021b). Minor updates were made to the policy settings for 
the Ambitious Policy scenario in this publication to reflect subsequent policy announcements.

Source: The authors.

Note: INR values are in 2018 prices. BESS = battery energy storage system. GWh = gigawatt-hour. MW = megawatt. n/a = not applicable. O&M = operations and management. 
PV = photovoltaic. X = not included. 

Source: National Electricity Plan, Volume 1: Generation (2017 & 2023) (CEA 2018, 2023b) and Indian Technology Catalogue—Generation and Storage (CEA 2022d).
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Capital expenditure by scenario and plant type

Table E-2  |  Decreasing unit costs

YEAR BATTERY (INR LAKH/MWH) SOLAR PV (INR LAKH/MW) ONSHORE WIND (INR LAKH/MW)

2020 157.9 564.4 636.7

2025 130.2 452.3 575.0

2030 118.1 344.0 510.2

2035 111.5 314.0 471.7

2040 107.6 292.7 427.9

2045 105.2 278.9 388.3

2050 103.5 269.8 354.0

Table E-3  |  Capital expenditure by scenario and plant type, 2020–2050a

PLANT TYPE 2020–2030 2030–2040 2040–2050 TOTAL

Ambitious Policy scenario

Hard coal 1.21 0.00 0.00 1.21

Utility solar 7.50 12.75 12.17 32.42

Onshore wind 3.27 9.99 12.72 25.99

Offshore wind 0.00 0.01 0.02 0.03

BESS 1.05 2.46 4.35 7.86

Gas: Non-peaker 0.00 0.00 0.00 0.00

Gas: Peaker 0.05 0.00 0.00 0.05

Hydro 2.50 2.20 1.53 6.24

Biomass 0.21 0.00 0.00 0.21

Nuclear 0.95 0.20 0.00 1.15

Transmission expansion 
cost

2.47 1.04 0.83 4.34

Note: INR values are in 2018 prices. MW = megawatt. MWh = megawatt-hour.

Source: India Energy Policy Simulator. 
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No New Policy scenario

Hard coal 1.21 0.00 0.00 1.2

Utility solar 7.50 11.51 8.78 27.8

Onshore wind 3.31 12.02 17.03 32.4

Offshore wind 0.01 0.07 0.15 0.24

BESS 1.05 0.36 0.67 2.1

Gas: Non-peaker 0 0 0 0.0

Gas: Peaker 0.00 1.08 0.00 1.1

Hydro 1.68 1.47 1.51 4.7

Biomass 0.21 0.00 0.00 0.2

Nuclear 0.95 0.25 0.00 1.2

Transmission expansion 
cost

1.77 0.21 0 1.98

Renewable Energy Bottleneck scenario

Hard coal 1.59 5.58 4.79 11.96

Utility solar 5.12 6.72 7.81 19.66

Onshore wind 2.28 3.36 4.27 9.91

Offshore wind 0.20 1.83 8.27 10.31

BESS 1.05 0.36 0.67 2.09

Gas: Non-peaker 0 0 0 0

Gas: Peaker 0 0 0 0

Hydro 1.36 1.79 2.52 5.68

Biomass 0.21 0.05 0.24 0.50

Nuclear 1.00 2.40 2.50 5.90

Transmission expansion 
cost

1.77 0.21 0 1.98

Note: a. In INR lakh crores in 2018 prices. BESS = battery energy storage system. 

Source: The authors’ analysis based on spreadsheets from CEA and DEA (2022).
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No New Policy scenario

Hard coal 4.93 4.01 3.60 12.54

Utility solar 0.32 1.22 2.48 4.03

Onshore wind 0.41 1.28 3.67 5.36

Offshore wind 0.00 0.01 0.05 0.07

BESS 0.07 0.33 0.48 0.89

Gas: Non-peaker 0.48 0.42 0.37 1.27

Gas: Peaker 0.01 0.27 0.48 0.75

Hydro 5.69 6.64 8.01 20.33

Biomass 0.12 0.12 0.12 0.35

Nuclear 0.55 0.79 0.81 2.14

Table E-4  |  Fixed O&M expenditure by scenario, 2020–2050a

PLANT TYPE 2020–2030 2030–2040 2040–2050 TOTAL

Ambitious Policy scenario

Hard coal 4.90 3.66 2.28 10.84

Utility solar 0.32 1.26 2.79 4.37

Onshore wind 0.41 0.00 3.05 4.64

Offshore wind 0.00 0.01 0.03 0.04

BESS 0.07 0.58 0.48 2.29

Gas: Non-peaker 0.48 0.42 0.35 1.25

Gas: Peaker 0.01 0.02 0.03 0.06

Hydro 5.98 7.70 9.48 23.16

Biomass 0.12 0.12 0.07 0.31

Nuclear 0.55 0.77 0.79 2.11

Renewable Energy Bottleneck scenario

Hard coal 5.15 5.35 6.84 17.35

Utility solar 0.26 0.77 1.67 2.70

Onshore wind 0.37 0.70 1.33 2.41

Offshore wind 0.02 0.30 1.63 1.95

BESS 0.07 0.33 0.48 0.89

Gas: Non-peaker 0.48 0.43 0.42 1.33

Gas: Peaker 0.01 0.01 0.01 0.02
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APPENDIX F. OTHER ASSUMPTIONS

Hydro 5.59 6.42 8.39 20.39

Biomass 0.12 0.12 0.13 0.37

Nuclear 0.51 1.18 2.24 3.92

Note: a. In INR lakh crores in 2018 prices. BESS = battery energy storage system. 

Source: The authors’ analysis based on spreadsheets from CEA and DEA (2022).

Fuel expenditure
Table E-5  |  Fuel expenditure by scenario, 2020–2050a

FUEL→
SCENARIO→
YEAR↓

HARD COAL GAS: NON-PEAKER GAS: PEAKER NUCLEAR 

AP NNP REB AP NNP REB AP NNP REB AP NNP REB

2020–30 6.21 6.26 6.56 0.01 0.01 0.01 0.00 0.00 0.00 0.11 0.11 0.10

2030–40 5.11 5.58 7.76 0.02 0.02 0.02 0.01 0.20 0.00 0.17 0.17 0.27

2040–50 3.30 5.04 10.38 0.05 0.06 0.06 0.02 0.37 0.00 0.17 0.18 0.52

Total 14.62 16.89 24.70 0.08 0.09 0.09 0.04 0.58 0.01 0.45 0.46 0.88

Table F-1  |  Water intensity, carbon intensity of, and mean power density of different power generation technologies

TECHNOLOGY WATER INTENSITY (M3/MWH) CARBON INTENSITY (GCO2/KWH) POWER DENSITYa MEAN VALUES (W/M2)

Coal 2.497 326 126

Gas 0.981 203 1283

Oil 1.156 292 179

Utility solar PV 0.08 n/a 10

Wind 0 n/a 1-2

Hydro 0 n/a 0.34

Nuclear 2.994 n/a 289

Biomass 1.994 X 0.13

Note: a. In INR lakh crores in 2018 prices. AP = Ambitious Policy. NNP = No New Policy. REB = Renewable Energy Bottleneck.

Source: The authors’ analysis based on EPS and recent fuel price estimates.

Note: a. Power density can be interpreted as the inverse of land intensity of electricity generation. gCO2/kWh = grams of CO2 per kilowatt-hour of electricity generated. n/a = 
not applicable. PV = photovoltaic. W/m2 = watts per square meter. X = not included. m3/MWh = cubic meters of water consumed per megawatt-hour of electricity generated.

Source: Ferroukhi et al. 2018; van Zalk and Behrens 2018; Gross 2020; Kulkarni et al. 2022; Carbon Independent 2023.
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ENDNOTES
1. Other non-fossil plants include biomass, small and large hydro, 

nuclear, and municipal solid waste. Other fossil-fuel-based 
plants include distributed diesel generators, natural gas (both 
peaker and non-peaker), and petroleum plants.

2. The results in the technical note are based on Version 3.1.3.4 
of the India EPS. The economic growth assumption was 
subsequently revised downward to align with more recent 
estimates and released as model Version 3.1.3.5. The results in 
this publication are based on India EPS Version 3.1.3.5. The key 
economic assumptions underlying the present version of the 
model are presented in Appendix B. 

3. This publication is based on EPS version 3.1.3.5. EPS version 
4.0, launched for the United States in March 2024, incorporates 
hourly representation of electricity demand and supply. The 
India EPS is presently being updated to version 4.0, which is 
expected to be launched by the end of 2024. 

4. Different models typically diverge in estimates of future 
electricity generation requirement due to differences in 
assumptions about economic growth, degree of electrification 
in end-use sectors, and efficiency of electricity use. The EPS 
projections for electricity generation requirement in 2030 are 
about 13 percent lower than the CEA estimates. 

5. By “alignment,” the authors mean similarity to policies that are 
either already in effect, have been announced and are expected 
to be implemented soon, or are being actively discussed within 
the government.

6. Offshore wind is excluded from our analysis because the 
technology is still at a nascent stage, and there is a lack of 
institutional support despite the ambitious targets set earlier.

7. Percentages are expressed in terms of installed capacity as 
of July 31, 2023.

8. The model prioritizes technologies based on cost. However, 
the costs for each plant type are represented as a normal 
distribution (a bell curve) in the model to reflect the fact that 
in the real world, conditions vary from project to project. For 
example, the cost of coal shipments may depend on the plant 
location, financing costs may vary depending on project risk 
factors and borrower creditworthiness, and so on. This is why 
the scenario sees a mix of coal and nuclear being built although 
coal plants are, on average, cheaper (see Appendix E for 
cost assumptions).

9. The EPS uses an abstraction called the “flexibility point” to 
reconcile its modeled timescale (annual) with that of RE 
variability (hourly or less). One flexibility point is a quantity 
of flexibility on the electric grid that is able to support 
one megawatt (MW) of variable generation. Each storage 
technology provides a certain number of flexibility points per 
unit of installed capacity. Solar PV and wind are allowed to 
share flexibility points due to their differing generation profiles 
(solar generates during the day and wind primarily at night). 
In flexibility-constrained scenarios, the availability of flexibility 
points becomes a determining factor for the VRE mix in our 
modeled scenarios.

10. Carbon intensities are calculated at the source; that is, there is 
no effect of CCS or losses in transmission and distribution on 
the calculated values.

11. The numbering system followed in this working paper is the 
Indian numbering system. 1 lakh crores = 1 trillion.

12. The authors do not discuss other storage means, such 
as energy trading and pumped hydro storage, due to 
methodological constraints. The model does not distinguish 
between small hydro plants built to meet the base-load/
energy demand and those built to meet peak load, which 
restricts our discussion of pumped storage. Electricity markets 
are outside the scope of the EPS and at present have limited 
participation in India.

13. As the timespan of the simulation is 30 years, we have not 
factored costs associated with solar panel replacement in our 
capital cost calculations. Additionally, most of the solar capacity 
additions occur after 2030, whose replacements will occur 
outside the modeled timespan. Costs associated with replacing 
the existing capacity of about 65 GW of solar power established 
until 2030 are assumed to be negligible.

14. Because the capacity utilization factor of coal is higher than 
that of VRE technologies.

15. Research suggests that several inefficient coal plants in India can 
be retired purely on economic grounds (Shrimali 2020).
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