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India’s emission mitigation policy, as reflected in its Nationally Determined Contribution (NDC), focuses on two
energy sector related variables- share of non-fossil sources in the electricity generation sector, and emission in-
India _ tensity of India’s GDP. We undertake a scenario-based uncertainty assessment to understand if there is room to
ISJC:cne;:'rt:;ties enhance the mitigation ambition of India’s energy sector related NDC targets and inform long-term decarbonisa-
Climate policy tion. We find that while there is room to enhance ambition on the electricity sector mitigation target, some key
Paris agreement uncertainties related specifically to the industrial sector need to be better understood before enhancing ambition

on the emission intensity reduction front. We highlight that renewable energy integration cost and decarbon-
isation of industrial energy use are going to be key challenges for India’s long-term decarbonisation strategy,
and that electricity sector reforms in India are going to be critical to address both these challenges. Finally, we
conclude by highlighting that India could demonstrate leadership by taking additional burden for the world by

adopting a peaking year for its power sector emissions as a part of its Mid-Century Strategy.

1. Introduction

The synthesis report on the aggregate effect of Intended Nationally
Determined Contributions (INDCs) on global emission pathway con-
cludes that ‘much greater emission reduction efforts than those associated
with the INDCs will be required in the period after 2025 and 2030 to hold
the temperature rise below 2°C above pre-industrial levels’ [1]. Compared to
the 2 °C scenario, aggregate GHG emission levels resulting from INDC
implementation are expected to be higher by 36 per cent (range 24-60
per cent) in 2030. Clearly, countries across the world need to enhance
their mitigation efforts to achieve the goals of the Paris Agreement.

In the global climate regime, India’s role is becoming increasingly
important. Per capita energy consumption is much lower in India than
in the developed world, but it is expected to grow at a significant pace,
and impact global greenhouse gas (GHG) emissions and climate change.
Of the eight NDC targets submitted by India for the period 2021-2030
[2], two are directly linked to quantified mitigation targets for India’s
energy systems: achieve by 2030, 40 per cent cumulative electric power
installed capacity from non-fossil-based energy resources; and reduce,
also by 2030, the emissions intensity (EI) of its GDP by 33 per cent to
35 per cent relative to the 2005 level. This would be subject to transfer
of technology and access to low-cost international financing.
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Globally, countries are coming forward with declarations for enhanc-
ing ambition of NDCs [3], and the global climate debate is now mov-
ing towards an understanding of the potential’ to enhance NDCs across
countries. Assessment of the potential to enhance country specific NDC
would help in reducing the gap between the global emissions as ex-
pected due to collective NDCs, and emissions required to achieve deep
decarbonisation to the extent possible. Given the developments in the
country, energy markets, and global climate debate, it is timely to under-
stand the potential of enhancing India’s NDC targets, as well as analyse
scenarios for deeper decarbonisation in the long-term context, that can
inform India’s Mid-Century Strategy (MCS), as expected to be submitted
under the Paris Agreement.

Though several assessments an understanding of the challenges in In-
dia’s transition towards a low-carbon pathway [4-23], no study in our
knowledge has explicitly analysed the potential and limits of enhanc-
ing India’s internationally stated decarbonisation targets. Most of these

! Potential could be defined differently by different stakeholders - e.g. tech-
nical potential, economic potential, or socioeconomic potential. Technical po-
tential for any resource could be large, but economic potential could be limited
and depend on the relative costs and economics of a resource. The focus of our
analysis is the potential to enhance India’s NDC in terms of the economics of
different options.
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studies are based on energy optimization or energy simulation modelling
assessments analysing long term pathways for India’s decarbonisation.
Many adopt the framing of sustainable development that emphasises
the criticality of co-benefits. In the first such study in India, Shukla,
Dhar and Mahapatra (2008) [4] use an optimization modelling frame-
work to analyse three scenarios for India for up to 2050- a business-
as-usual scenario, a 550 ppmv CO2 e stabilization scenario assuming
a conventional development pattern, and a 550 ppmv CO2 e stabiliza-
tion scenario assuming a sustainable development pattern characterised
by diverse response measures typical of a sustainability paradigm- and
present a comparative analysis of the alternative development strategies
on multiple indicators such as energy security, air quality, technology
stocks and adaptive capacity. In another analysis with a similar fram-
ing using an energy simulation model, Shukla and Chaturvedi (2013)
[5] analyse two emission stabilization approaches for India — a conven-
tional approach relying on carbon price to influence fuel switch and car-
bon capture and storage responses, and a sustainability approach that
aims to conserve resources and push solar and wind in India’s energy
systems. Shukla et al. (2015) [6] similarly present a conventional and
a sustainable deep decarbonisation scenario where, interestingly, the
mitigation actions under the sustainable scenario are back casted from
the national sustainability goals set for 2050. Importantly, this analysis
presents and highlights the importance of ‘social value of carbon’ and ar-
gues that a carbon price based on social value would be much lower than
a conventional carbon price for achieving the same mitigation goal. In
another analysis within the sustainable development framing, Mathur
(2017) [7] presents the implications of an INDC low scenario and an
INDC high scenario and highlights the importance on not just the choices
we make, but also the timing of adoption and scale up of alternative op-
tions. Byravan et al. (2017) [8] place quality of life at the centre of their
assessment within the framing of sustainable development and reveal
the potential for improvement in a range of sustainable development
conditions including a reduction in air pollution, savings in water and
land use, and savings in material and resource requirements.

Other modelling analyses, while not explicitly using the framing
of sustainable development, similarly use sophisticated modelling ap-
proaches for understanding long-term energy and emission scenarios
for India. A report by the Planning Commission, Government of In-
dia (2014) [9] frames the analysis as informing ‘inclusive’ growth and
recommends policies for all the energy use sectors in India based on
input-output modelling framework and a low carbon inclusive growth
scenario. The International Energy Agency’s World Economic Outlook
2015 special report (IEA, 2015) [10] also focuses on long term scenar-
ios for India and assesses the implications of major Government of India
(Gol) policies like ’24 x 7 power to all’ and ‘Make in India’ on India’s
energy outlook. Bery et al. (2016) [11] present the implications of crit-
ical trends in India like rapid urbanisation, growing energy access, and
greater integration with the global energy markets on India’s energy fu-
ture. A report by NITI-IEEJ (2017) [12] analyses multiple critical issues
in India’s energy policy debate, including natural gas demand, the im-
pact of high penetration of renewable electricity on the Indian grid in
2047, and the impact of clean coal technology on the overall energy
scenario. Chaturvedi et al. (2019) [13], in the first India focused study
within the framework of shared socioeconomic pathways (SSPs), present
the implications of alternative development pathways on India’s long-
term electricity-water nexus. The study also presents India specific water
coefficients for electricity generation technologies to aid analysis of the
impact on water resources, a critical element of the sustainable devel-
opment perspective, and highlights the importance of looking at the dry
cooling technology for thermal cooling of power generation plants in In-
dia. In a macroeconomic assessment that is rare for India specific climate
policy literature, Gupta et al. (2019) [14] show that a 2 DegC scenario
has a comparable economic growth rate relative to the Busines as Usual
(BAU) scenario, at the cost of reduced household consumption but sig-
nificant positive impact on foreign debt accumulation. As compared to
energy focused analysis, Rao et al. (2018) [15] also use an optimisation

Energy and Climate Change 2 (2021) 100031

framework to assess the importance of climate friendly diets in India
in an analysis that focuses on decarbonisation through the lens of diets
and nutrition, TERI (2017) [16] analyses two alternative scenarios for
India’s electricity sector, focusing on a high renewable scenario and a
low renewable scenario, based on econometric and statistical analysis.

Along with the optimisation and simulation focused long-term mod-
elling assessments for India, there are other important studies that
are relevant for Indian energy and climate policy and use alternative
methodologies and are sector specific. Shrimali and Tirumalachetty
(2013) [17] present a detailed analysis of renewable energy certificate
markets in India, which has not been very successful in achieving its
objectives. Chawla and Agarwal (2016) [18] present the contribution of
various underlying factors in the cost of solar electricity and highlight
that cost of finance is the most important variable for India and other
emerging economies. Jethani (2016) [19] focuses on the wind energy
programme in India and the challenges it is facing. Garg et al. (2017)
[20] focus on a much neglected technology in the Indian energy and de-
carbonisation debate- Carbon, Capture and Storage (CCS)- and present
a cost effective architecture of CCS grid in India based on detailed spa-
tial mapping of coal power plants and potential geological reservoirs for
carbon dioxide storage in India. Garg (2011) [21] focuses on the poten-
tial health co-benefits of climate change policies at the city level and
presents a detailed spatial assessment of this for the city of Delhi.

Apart from these important and interesting non-modelling based as-
sessments, some other important articles present a high level narrative
for India. Ghosh and Ganesan (2015) [22] present their assessment of In-
dia’s energy strategy and highlight the importance of off-grid RE along
with centralised RE, rationalising fossil fuel subsidies, and a shift to-
wards a less energy intensive industrial mix. Dubash and Khosla (2015)
[23] in their assessment of India’s INDC reflect a ‘middle of the road’
kind of choice that neither disrupts the international consensus on the
issue nor creates pressure for urgent global climate action.

Critically, in our assessment of the literature as presented above, no
India specific study in our knowledge considers the implications of key
uncertainties that could impact the pathways towards India’s NDC tar-
gets and potential MCS targets. We undertake a robust assessment across
uncertainties related to the cost of electricity generation technologies,
cost of integration of variable renewable energy, economic growth, end-
use energy efficiency, and energy demand behaviour in the end-use sec-
tors to understand if (and by how much) there is a potential to enhance
India’s energy sector related NDC targets (40 per cent share of non-fossil
energy sources in India’s electricity generation capacity by 2030, and re-
duction in the emissions intensity (EI) of India’s GDP by 33 per cent-35
per cent between 2005 and 2030) and inform potential MCS.

We seek to build on the knowledge base created by existing studies
on India’s energy and climate policy and to address some key gaps in
the literature. Through our analysis, we answer the following research
questions: (i) What is the potential to enhance the NDC target of 40 per
cent share of non-fossil sources (all forms of RE and nuclear energy) in
India’s electricity generation capacity in 2030, given the key uncertain-
ties for this sector?, (ii) What is the potential to enhance the NDC target
of 33-35 per cent decline in India’s emissions intensity of GDP between
2005 and 2030, given the key uncertainties for the economy?; and (iii)
What are the policy insights from an uncertainty based assessment for
India’s long-term decarbonisation and Mid-Century Strategy?

The novelty of our methodological approach is that for the first time
in our knowledge of India specific literature, we have characterised key
uncertainties, and derived robust insights for enhancing India’s NDC and
understanding challenges to long-term decarbonisation through an as-
sessment of implications of these. The key contribution of our paper
is highlighting the potential of enhancing India’s energy sector specific
NDC targets, as well as informing the potential Mid-Century Strategy on
the basis of the insights. We use the modelling framework of GCAM (IIM
Ahmedabad version) for our analysis. We model a business and usual or
Reference (Ref) scenario, and then 222 scenarios to model the uncer-
tainty span around the Ref scenario results by exploring sensitivities
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related to critical variables (economic growth, urbanisation rate, elec-
tricity generation technology cost, integration cost, energy efficiency,
and energy demand behaviour in end-use sectors) across the electricity
generation and end-use energy demand sectors.

2. Modelling for a scenario-based uncertainty assessment

Many researchers have focused on and highlighted the importance of
uncertainties modelling for informing decisions, including energy and
emissions modelling [24-33]. For our analysis, we adopt the general
definition of uncertainty as: “any deviation from the unachievable ideal of
completely deterministic knowledge of the relevant system” [26]. We use the
approach of scenario analysis within a deterministic model, GCAM. This
approach is useful and apt for our purpose, as it requires the selection
of key parameters and input assumptions, and helps in understanding
the robustness of model results to these key input assumptions. We un-
dertake a large set of scenario runs based on various combination of
key inputs, to understand the ranges, median values and broad direc-
tion related to output variables of our interest for a relatively robust
assessment of these as compared to that available in the India specific
literature.

There are two pillars of our methodological approach — (i) Stake-
holder engagement, and (ii) Integrated assessment modelling. We en-
gaged with expert stakeholders from National Thermal Power Corpora-
tion (NTPC, a thermal power behemoth in India), MNRE (Ministry of
New and Renewable Energy, Gol), solar and wind power plant develop-
ers, and other policy and sector experts for informing our assumptions
as well as storylines. Our framing of uncertainties is based on a liter-
ature review as well as understanding based on our engagement with
experts?. This section presents the different aspects of our methodolog-
ical approach, including modelling framework, uncertainty assessment
approach, as well as climate policies, among other aspects.

2.1. Modelling framework — Global Change Analysis Model (GCAM)

We use the modelling framework of GCAM, IIM Ahmedabad version
for our analysis. GCAM is a model with a detailed energy sector module
and a land use module, has been an important part of IPCC assessments
on modelling related literature, and has been used extensively for na-
tional and international exercises since over three decades. Modelling
analysis based on GCAM has been extensively published in high im-
pact international journals [34-46]. GCAM is housed at the Joint Global
Change Research Institute (USA), and models 32 regions of the world
with India as a separate region. GCAM-IIM version was set up during
2007-09, and since has been used extensively for India-specific analysis
[5,13,37,43,45]. GCAM-IIM models the rural and urban residential en-
ergy demand separately, as compared to core GCAM that focuses on the
residential sector without any further disaggregation. All the cost and
technology characteristic related assumptions across sectors in GCAM-
IIM are based on India specific data, whereas technology assumptions
are based on global datasets in the core GCAM version used for global
analysis.

Modelling electricity generation growth and technology share

Electricity in GCAM can be generated based on nine fuel types
(coal, gas, oil, nuclear, solar, wind, hydro, biomass, combined heat and
power), which could be associated with multiple technologies, e.g. pho-
tovoltaic (PV) and CSP for solar. The share of any given technology

2 Before framing the scenarios and assumptions, the authors of the study met
each of the key stakeholders (government and industry) in person, and engaged
with experts from academics and think tanks once the first set of scenario results
were out for their detailed perspectives and to refine the scenarios. The detailed
list of experts who were consulted, and the reviewers of the study have been
mentioned in the acknowledgement section.
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within GCAM is based on its cost relative to the cost of all other tech-
nologies and is modelled based on modified logit formulation (Clarke
and Edmonds, 1993). In the electricity sector, the market share of in-
dividual fuels is determined endogenously in the model based on the
following formulation:

oo W) ()’
T (swL) (R,

where SW is the share weight, Pi is the cost of generating power based
on a specific fuel i in region r at time t (includes the capital, opera-
tion & maintenance, and endogenously determined fuel cost), 4 is a cost
distribution parameter®, and n is the number of fuels competing in the
electricity generation sector as stated above. The share weight is a cal-
ibration parameter, and the cost distribution parameter regulates the
degree to which future price changes would be reflected in fuel shifts.
In case of a price levied on emissions (e.g. carbon price), the endoge-
nously determined fuel costs changes for fossil fuels resulting in a dif-
ferent electricity generation mix.

In this formulation, even if a technology has a higher average cost
than other technologies in the choice set, it would take a small share in
the energy mix. This reflects the real world scenario — even if the aver-
age cost of a technology is higher, it could still be competitive in some
regions due to numerous local factors and constraints. GCAM assumes
that the capital cost of the existing vintage of stock in any given year
is sunk, so these costs do not Figure in the future operating decisions.
Production from existing vintage is not subject to competition from new
technologies. If in the year 2030 total electricity demand is 100 units, 70
units are already generated in 20254, and no electricity generation ca-
pacity is retired between 2025 and 2030, competition happens between
new technologies only for the balance 30 units. Existing vintage plants
may be temporarily shut down if input fuel cost is higher than the av-
erage revenue from the electricity generated. This could be the case in
the event of a high carbon price that increases the generation cost from
a coal-based power plant even more than the average revenue, in which
case generation from this vintage would be temporarily shut down.

Demand for electricity generation and other forms of energy is deter-
mined in the end-use sectors, where the penetration of electricity-based
technologies (e.g. air-conditioning) and other-fuel based technologies
(e.g. oil-fuelled cars) increases as income increases. Details of modelling
demand for electricity and other fuels in the end use sectors are given
in separate sections below. Generally speaking, alternative technologies
compete with each other for providing energy for any given service in
the end-use sectors based on their relative costs and efficiencies, e.g.
electric cars and oil-fuelled cars compete to provide passenger trans-
portation service in the transportation sector, while LEDs and fluores-
cent light bulbs compete to provide lighting service in the building sec-
tor. As the demand for electricity grows in the end-use sectors, electricity
generation grows to meet this demand.

As India moves towards a higher share of variable renewable en-
ergy (VRE), i.e. solar and wind electricity, in the grid, there could be
challenges in managing the transition. The current share of VRE in the

3 ), or the cost distribution parameter, is an important parameter for the
model as it determines how large the price ratio (between the price of competing
fuels) must be to produce a significant difference in market share. A higher value
of 4 implies an aggressive technology substitution behaviour, while the lower
value implies a moderate switching behaviour. The value that has been chosen
for different sectors and technologies in GCAM is for the best possible repre-
sentation of technology switching behaviour for given sectors within the model.
What is important to highlight for our analysis is that across all our 222 scenar-
ios, the values that this parameter takes across sectors has not been changed, i.e.
it is scenario invariant. This implies that the shift in technology mix across sec-
tors across pathways that we observe in our results is only a result of a change
in the assumptions related to economic growth, technology costs, and variables
related to the end-use sectors and not 4, the cost distribution parameter.

4 GCAM operates in five-year time steps.
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electricity generation is less than 10 per cent. But as this share grows to
15 per cent, 25 per cent, 50 per cent, and even higher in the long-term
future, there could be a new set of challenges that the country might
face. For addressing intermittency related issues, technical interventions
either in the form of storage technologies or back up systems like gas
based turbines would be required. These technical interventions would
have a cost attached to them. We, hence, levy a nominal cost on top of
the base solar and wind electricity cost to account for the cost of inte-
gration®. In the supplementary material, we also present scenario with
no integration cost (which simply means that the cost of technical in-
terventions for managing grid integration is borne by the government),
and a scenario with a higher integration cost. This sensitivity analysis
tells us the criticality of this variable for India’s power systems. The as-
sumption related to the additional cost of integration levied on solar and
wind electricity is given in the supplementary material.

We do not model rooftop solar or decentralised mini-grid based elec-
tricity generation, and hence in our results, the utility related electricity
demand might be higher than what is seen in the future if at least some
part of the demand is met through such off-grid sources. Our results
exclude captive generation by industries, which we believe would be a
very small fraction of India’s total electricity demand in the long run.

Modelling end-use energy sectors

GCAM models three end-use energy sectors — buildings, industry, and
transportation. In GCAM-IIM, the buildings sector is disaggregated into
commercial buildings, rural residential, and urban residential sectors.
Energy service demand is modelled for air-conditioning (high and low
efficiency), cooking (biomass, coal, electricity, liquefied petroleum gas
(LPG), and natural gas), lighting (fluorescent bulbs, incandescent bulbs,
kerosene lamps, and LEDs), refrigeration (high and low efficiency), ven-
tilation (low- and high-efficiency ceiling fans), television, water heaters
(electricity, LPG, solar) and ‘other appliances’ as a category. Demand
for each energy service grows in response to income and service prices.
Technologies compete on the basis of cost and efficiency to provide a
given service. For example, LED, incandescent and fluorescent lighting
technologies compete on the basis of cost and efficiencies to provide
lighting services. A detailed theoretical formulation for the building sec-
tor as modelled in GCAM-IIM can be found in Chaturvedi et al. (2014). A
brief explanation is given in Appendix 1 in the supplementary material.

The energy demand in the transportation sector is modelled for pas-
senger transport (road, rail and aviation), freight transport (road and
rail), and international shipping with the demand for each service be-
ing driven by per capita GDP and population. Each type of service de-
mand is met by a range of competing modes. For passenger transport,
two-wheelers, three-wheelers, cars, buses, railways, and aviation com-
pete with each other for providing passenger service. Changes in modal
shares in future periods depend on the relative costs of the different op-
tions, modelled using a logit choice formulation. Costs in the passenger
sector include the time value of transportation, which tends to drive a
shift towards faster modes of transport (light duty vehicles, aviation)
as incomes increase. Many of the modes (including light duty vehicles)
include competition between different vehicle types, which also uses a
logit choice mechanism that is calibrated to base-year shares; for exam-
ple, in the GCAM-IIM, the passenger car segment comprises four types
of cars. For new or emerging technologies (such as electric or hydrogen
vehicles), costs also consider infrastructural constraints, non-economic
consumer preferences and as such are especially high in the near-term
future time periods. No upper limits of battery electric vehicles (BEV)

5 The integration cost would depend on the various balancing options that are
employed. As GCAM is not a power dispatch model, the implications of various
balancing options can not be analysed in detail in this model. Hence, what we
do is use a cost adder to represent a notional integration cost to find its implica-
tions. Our results should be interpreted for a high-level generic representation
for integration cost, rather than any specific balancing option.
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or fuel cell vehicles (FCV) use are implemented. In GCAM-IIM, popula-
tion and income (GDP) are the exogenous drivers of passenger service
demand expressed in passenger kilometres travelled (PKT). Further, in
GCAM-IIM the passenger service demands by mode are estimated en-
dogenously based on the total travel costs (monetary cost per passenger
kilometre travelled, USD/PKT) by mode, fuel, technology and time cost
of travel which itself is a function of the average hourly wage rate of
the employed population, the mode-specific value of travel time (VTT)
and travel speed. Freight service demand is based on simple functions of
population, GDP, and fuel prices in GCAM-IIM. Freight trucks (five cate-
gories) and railways compete for servicing freight demand in GCAM-IIM.
The rate of efficiency improvement of each represented vehicle tech-
nology is exogenous in GCAM-IIM. Details related to transportation in
GCAM can be found in Kyle and Kim (2011) and Mishra et al. (2013). A
brief explanation is given in Appendix 1 in the supplementary material.

The industrial sector in GCAM-IIM is modelled in an aggregate way,
with industrial service demand responding to income growth and fuel
prices. Various fuels (biomass, coal, electricity, natural gas and oil) com-
pete on the basis of relative prices for providing energy service for meet-
ing industrial energy demand. Current model version only tracks the
energy mix (for energy use and feedstock use) and emissions from an
aggregate industrial sector and includes energy demanded in the agri-
cultural sector.

As GCAM is a detailed energy sector model, fuel use in one sector
impacts its use in other sectors through the fuel price. For example, if oil
demand in the transport sector reduces due to shifts towards electricity
based vehicles, its price would decline, which would lead to an increased
usage of oil in other sectors.

In GCAM, energy efficiency improvements in the end-use sectors are
modelled with the help of exogenous assumptions, as well as endoge-
nous price responses. Sectoral energy efficiency improvements for all
the end use sectors in the Ref and sensitivity scenarios are presented
in Appendix 1, Table S4. We also model endogenous price responses at
the appliance/technology level, which leads to improvements in aver-
age efficiencies. E.g. we have a high-efficiency air conditioner (AC) and
a low-efficiency AC. If the price of electricity increases due to any in-
tervention, we would see a shift towards ACs with higher efficiency. At
the vehicle technology level, energy efficiency impacts the fuel cost of
a vehicle. If the cost of fuel of a given technology (say a car) increases
due to any intervention, the given technology becomes less competitive.
In the end-use sectors, shares of technologies/fuels respond to price sig-
nals. E.g. if coal becomes expensive in the end-use sectors due to say
carbon tax, its share would decline the competing technology would fill
the gap.

Detailed equations for modelling demands in the end use sectors and
technology mix are given in the supplementary material.

2.2. Framing the ‘Reference (Ref)’ and ‘uncertainty’ based scenarios for
the electricity generation sector and end use sectors

One of India’s NDC targets focuses on the share of non-fossil energy
sources in electricity generation capacity. India’s progress towards this
goal, as well as decarbonisation for up to 2050, depends not only on
the cost of RE technologies but the relative costs of all key technologies
in the portfolio. Also, how fast the electricity generation sector grows
could impact the progress towards this target, as a low growth scenario
might limit the growth potential of non-fossil sources and impede the
pace of transition. Our analysis of this NDC target focuses on these two
key uncertainties- the cost of power generation technologies, and eco-
nomic growth, for understanding India’s progress towards this target.
For incorporating these uncertainties in our framework, we take two
cost pathways each for coal, gas, and nuclear, and three each for solar
and wind-based electricity generation. Combining these, we get a total
of 72 unique pathways representing various permutations of underlying
cost pathways for the five technologies (for a given economic growth
scenario). The low- and high-cost trajectories (for all five technologies)
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and medium cost trajectories (for solar and wind only) of all these tech-
nologies have been decided on the basis of our assessment and inputs
from experts in the MNRE, Gol and NTPC; private developers of solar
and wind energy power plants; and sector experts. We undertake our
analysis of each of the 72 unique cost pathways within three economic
growth scenarios. In total, our analysis encompasses 216 scenarios to
answer how we expect India’s electricity generation sector to evolve in
the future, and what this means for India’s NDC and Mid-Century Strat-
egy. All the 216 scenarios assume partial implementation of existing
policies, and none of these incorporate dedicated climate policy instru-
ments, like a carbon tax. We do not assume that India will achieve the
domestic policy target of 175 GW of RE by 2022 and let our modelling
analysis inform us. Our assumptions of technology cost trajectories and
economic growth trajectories are detailed in the supplementary mate-
rial.

We assess the key uncertainties in the demand sectors- the rate of
energy efficiency improvements across all end use sectors, the rate of
energy demand growth across all sectors, and the share of electricity in
the industrial sector- to understand India’s progress towards the NDC
target related to the emission intensity of GDP. Our assessment focuses
only on energy sector-related carbon dioxide emissions, which cover a
large part of the overall GHG debate, CO, from land-use as well as other
GHGs are excluded in our analysis.

We model six additional scenarios to explore various combinations
of these, taking the total number of scenarios that we use for our uncer-
tainty analysis to 222. Table 1 presents our scenario framing.

The Ref sc reflects a particular combination of how the technical and
economic assumptions evolve across sectors. For the electricity sector,
we assume the medium cost trajectories for solar and wind, high cost
trajectory for natural gas, and low cost trajectories for coal and nuclear
based electricity (Appendix 1, Table S3). Assumptions related to energy
efficiency improvements in the Ref scenario across end use sectors are
presented in Appendix 1, Table S4; and those related to the behaviour
of energy demand in the end use sectors are presented in Appendix 1,
Table S5. The rate of GDP growth and urbanisation rate in Ref sc are
assumed to be the same as the medium growth scenario (Table S1 and
S2, Appendix 1). The simulation for uncertainty analysis can be viewed
as an uncertainty band around our Ref sc results.

Uncertainty analysis can be characterised in different ways, even
for the same energy sector. E.g., one can also undertake a probabilis-
tic analysis for uncertainties related to the electricity generation sector.
There could be other ways in which different researchers conceptualise
an uncertainty-based analysis. Our approach is only one of the possible
ways of undertaking an uncertainty-based analysis. Other researchers
can use our approach or formulate alternative approaches for such an
analysis.

2.3. Key assumptions and time-frame

The key assumptions in GCAM are related to economic and popula-
tion growth (Appendix 1, Table S1 and S2) that drive the demand for
energy services in the end-use sectors. The capital cost, operations &
maintenance cost, and energy efficiency for all technologies across all
sectors are critical assumptions in GCAM. The fuel cost is endogenously
determined for all fuels across all sectors based on the demand and sup-
ply of these.

The cost and efficiency assumptions of technologies across sectors
are based on India specific information taken from secondary literature,
including company websites, etc. Cost for power generation technolo-
gies are based on discussions with sectoral experts from solar and wind
power developers, Ministry of New and Renewable Energy (MNRE), and
National Thermal Power Corporation (NTPC).

The timeframe for our analysis is up to 2050, as this is the time frame
relevant for our discussion on NDC and Mid-Century Strategy.
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3. Results
3.1. Electricity, end-use energy, and emissions in the Reference scenario

India’s electricity consumption, end use energy and emissions are ex-
pected to grow at a significant pace up to 2050, though there would be a
significant decoupling of emissions with economic growth. India’s elec-
tricity generation would grow to 2800 Billion KWh in 2030, and further
by 2.3 times between 2030 and 2050 (Fig. 1). Final energy demand in
the end use sectors would grow from less than 500 millions of tonnes of
oil equivalent (mtoe) in 2010 to more than 850 mtoe in 2030 and 1700
mtoe in 2050 (Fig. 2b).

The significant increase in electricity generation and energy use in
the end use sectors would lead to a significant increase in India’s carbon
dioxide emissions. India’s overall CO, emissions from energy use would
increase from 2.2 GtCO, in 2015 to 4.2 GtCO, in 2030, and further to
7.7 GtCO, in 2050 (Fig. 2a). Irrespective of growth in India’s absolute
emissions, it is clear that decoupling between emissions and economic
growth is happening at a fast pace.

The increase is due to continued, though reduced, reliance of coal
in the electricity generation sector, as well as significant fossil fuel con-
sumption in the end use sectors in the absence of any dedicated policy
to mitigate carbon dioxide emissions.

Though India’s carbon dioxide emissions from energy use would con-
tinue to increase for meeting its developmental aspirations, we see sig-
nificant progress in our Ref scenario as far as the two NDC targets rele-
vant to the energy sector are concerned. We find that India is well on the
path to achieving one key NDC target — 40 per cent share of non-fossil
energy sources in India’s electricity generation capacity — and may well
surpass it. In the Ref scenario, we find the share of non-fossil sources in
India’s electricity generation capacity would be 58% in 2030 and 73% in
2050. The significant progress would be on the back of a rapid increase
in solar energy, supported by focused government policies, which would
account for a bulk of the increase in India’s renewable energy capacity
between 2020 and 2030.

In our Ref sc, the EI of India’s GDP declines by 47% by 2030, and
67% by 2050, relative to 2005. EI reduction is not only due to the elec-
tricity generation mix moving towards RE, but also due to structural
changes and significant energy efficiency improvements in the end-use
sectors. This is much higher than the 33%-35% NDC target. Our assess-
ment focuses only on energy sector-related carbon dioxide emissions,
which cover a large part of the overall GHG debate, CO, from land-use
as well as other GHGs are excluded in our analysis.

3.2. The impact of key uncertainties on India’s progress towards the
electricity sector specific NDC target, and insights for long-term
decarbonisation of the electricity generation sector

Our uncertainty analysis reveals two important insights at a higher
level for India’s electricity generation. First, actual electricity genera-
tion is determined not just by the economic growth rates, but also by
the average cost of electricity (Fig. 1). As our model incorporates the
shift in fuel demand in response to prices, we see that even for any
given economic growth rate, electricity generation changes by 15 per
cent-17 per cent due to change in average electricity cost. Second, given
the uncertainty ranges adopted by us, economic growth certainly has a
higher bearing on the level of electricity generation in the economy, as
compared to technology cost. The variation (between the minimum and
maximum) in electricity generation due to economic growth is 22% in
2030, and 44% in 2050, much larger than the variation due to technol-
ogy cost. The rate at which electricity generation grows is relevant for
the progress towards the NDC target of 40% share of non-fossil sources
in India’s electricity generation capacity, as a higher growth gives more
opportunity for adding renewable energy in the mix, provided it is cost
competitive.
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Note: The building sector in India is heavily dependent on electricity. The high economic growth and low electricity cost scenario already captures a high energy demand pathway for the building sector as it captures
both the income effect and the price effect adequately. This is not the case for the industrial and transport sectors, which are both heavily dependent on fossil energy, which is why a high energy demand future for
these two sectors has been analysed through dedicated scenarios. Also, our scenarios already have a low penetration of electric vehicles (though it increases significantly in the future compared to 2015), so there was
no requirement of separately including this in our worst case scenario.
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Fig. 1. Utility-based electricity generation (Ref sc and range across eco-
nomic growth scenarios) - India.

Note: LowGr, MediumGr and HighGr represent economic growth assump-
tions, and MinElec and MaxElec represent the range across the various
cost combination and end use sensitivity scenarios within these different
growth paths.
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Fig. 2. Sectoral emissions and fuel use in the Reference scenario.

On the electricity generation technology mix, our uncertainty assess-
ment finds that coal-based electricity generation would keep on increas-
ing in the long run in the absence of a policy aimed at reducing coal
consumption or taxing carbon (Fig. 3). Even under the most pessimistic
scenario as assumed in our analysis (low economic growth and high rel-
ative cost of coal), coal would keep on growing. Solar electricity would
still grow significantly, at a much faster pace compared to coal, across all
scenarios, though penetration would be similar to coal by 2050. How-
ever, in the most optimistic scenario (high economic growth and low
relative cost of solar), the growth in solar based electricity generation
is phenomenal, and this technology would account for almost 50% in
India’s electricity production by 2050. The penetration of gas and nu-
clear technologies increases significantly as compared to current levels,
though in the bigger picture, their role remains small given the low
current base. In overall, the future of India’s electricity generation mix
would be driven by coal and solar energy, given the current understand-
ing of key uncertainties related to this sector.

We also undertake a sensitivity analysis for Fig. 3 by excluding the
cost of integration included in our analysis. The comparative results for
two scenarios (with and without grid integration cost), presented in Ap-
pendix 2 in the supplementary material, clearly show that even a small
cost of integration would have a significant impact on the future evolu-
tion of technology mix in India’s electricity generation sector.

Though we find that India is well on the path to over-achieving the
electricity sector specific NDC target, the way cost of competing tech-
nologies evolves, and economic growth shapes, would have significant
implications for the rate of progress (Fig. 4). In the most pessimistic sce-
nario, we find that the share of non-fossil in generation capacity would
be at least 48 per cent in 2030. Under the most favourable scenario rep-

resenting low cost trajectories of solar, wind and nuclear and high cost
trajectories of coal and gas, and high economic growth, this share could
increase to 68 per cent. Thus, irrespective of the scenario, our assess-
ment finds that India would be able to achieve one of the NDC targets
by a significant margin. The strong commitment by the Indian govern-
ment to push RE in the Indian energy generation mix is showing positive
results. This gives India space for enhancing its ambition for the 2030
mitigation target (Fig. 5).

In the long-run, however, how relative technology costs (including
the cost of integration) and economic growth evolve would have an im-
portant bearing, with the share of non-fossil sources in generation ca-
pacity fluctuating between 57% in the most pessimistic scenario to 84%
in the optimistic scenario. Long-term decarbonisation would come with
its own set of additional challenges, particularly RE integration. Indian
policymakers need to better understand the cost of integration. The ab-
sence of an in-depth long-term India-specific assessment only increases
the uncertainty related to this aspect. As of now, there is not enough
credible information to conclude if this cost would be high or low.

3.3. The impact of key uncertainties on India’s progress towards the
economy-wide emissions intensity NDC target, and insights for long-term
decarbonisation of the economy

India’s EI of GDP® declines as a fast pace between 2005 and 2050. A
large part of this reduction in EI of GDP can be attributed to the devel-

6 As highlighted earlier, our assessment focuses only on energy sector-related
carbon dioxide emissions, which cover a large part of the overall GHG debate,
CO, from land-use as well as other GHGs are excluded in our analysis.
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opments in the electricity generation sector. Between 2030 and 2050,
there is also a positive impact of energy efficiency improvements, and
increasing electrification of end use sectors, though the share of electric-
ity would still be low in the industrial and transportation sectors even
in 2050. We do not see any substantial shift towards low-carbon fuels
and electricity in the industrial and transportation sectors in the ab-
sence of dedicated decarbonisation-focused interventions (Fig. 2b). The
contribution of the transportation sector is largely through energy effi-
ciency gains at the technology level. However, as people shift towards
private modes of transport with increasing incomes, the aggregate en-
ergy and EI of this sector declines at a comparatively slower pace par-
ticularly after 2030, when private vehicle ownership increases at a fast
pace.

Importantly, we find that progress towards the target of lower emis-
sions intensity of India’s GDP is highly sensitive to the developments
in the industrial sector. If India is able to accelerate its manufacturing
sector’s growth (as is the focus of current policy), but the manufactur-
ing sector continues to be dependent mainly on fossil fuels as it is now,
and the industrial energy efficiency growth is muted, India would only
marginally surpass its NDC target related to the emissions intensity of
GDP. We find that in the worst-case scenario, India’s EI of GDP declines
by only 36% (as compared to 47% in the Ref sc) between 2005 and
2030, and by 53% (as compared to 67% in the Ref sc) between 2005
and 2050. Thus, though the target would be achieved, room for enhanc-
ing this would be very limited. A detailed assessment of India’s industrial
sector is necessary, and such an assessment would require a much more
detailed analysis at the scale of industrial sub-sectors to distinguish the
different drivers of dynamics in industries.

As compared to the industrial sector, however, a higher growth in
energy demand in the transportation sector does not impact the EI of
GDP significantly in 2050. This is because of the low share of this sec-
tor in India’s carbon dioxide emissions, at 11% in 2015, that increases
to 13% in 2030. Even a 40% increase in energy and emissions from
this sector in 2030, relative to the Ref sc, would increase India’s over-
all emissions by only 5% in 2030. Consequently, fast decarbonisation
of this sector with rapid penetration of electric vehicles would have a
positive, yet not game changing impact on India’s emission intensity of
GDP. Given the relatively low share of this sector in India’s emissions,
we can conclude that India’s EI of GDP target is not very sensitive to
the rate of energy demand from this sector, though this definitely has a
minor impact.

4. Discussion and conclusion: Insights related to India’s NDC
enhancement and mid-century strategy

Enhancing ambition is critical to meeting the goals of a well below
2 °C world, and India is expected to play an important role in this tran-
sition towards a low carbon society. Our scenario-based uncertainty as-
sessment shows that given the current understanding of how key uncer-
tainties related to economy, electricity generation sector, and end-use
energy demand sectors evolve, India is well on the path to exceed its
electricity sector NDC target of 40% share of non-fossil sources in elec-
tricity generation capacity. There is hence room to enhance this target.
In the long-run, however, the level and impact of potential integration
costs on solar and wind penetration need to be better understood.

Along with good progress in the electricity generation sector towards
decarbonisation, there is significant progress towards India’s target of
reducing the emission intensity of GDP as well. This, however, is sensi-
tive to developments in the industrial sector- mainly a rapid increase in
manufacturing growth and associated energy demand, rate of industrial
energy efficiency improvements, and share of electricity in industrial
energy use. India needs to better understand the state of these variables
before enhancing this specific target and planning for long-term decar-
bonisation.

We also present a potential range for the share of non-fossil sources in
India’s electricity generation capacity in 2050 and reduction in economy
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wide carbon dioxide emissions intensity of GDP between 2005 and 2050
for informing India’s Mid-Century Strategy. Based on the results related
to the implications of the share of electricity in the industrial sector, and
the cost of variable renewable energy, including the integration cost
especially for scenarios with higher penetration of solar and wind in
electricity generation, we argue that the role of power sector reforms is
going to be critical for decarbonisation of India’s electricity generation
as well as industrial energy use.

Power sector reforms are going to be critical for India’s deep decar-
bonisation agenda. While there could be many aspects of power sector
reforms and it is a detailed subject in itself, there are three critical el-
ements in our view most relevant from the perspective of decarboni-
sation. First, retail power pricing structure needs to be reformed along
with eliminating cross subsidy in retail power prices. Electricity pric-
ing policies in India favour residential consumers with subsidised tar-
iffs while penalising commercial and industrial consumers with higher
tariffs for compensating for the subsidy in the residential sector. High
electricity prices for the industrial sector has led to a low share of elec-
tricity in India’s industrial energy use. Electricity is used by industrial
consumers only where it is essential, and there is no effective techni-
cal substitute. Unless the retail pricing structure is fixed through re-
forms, one can expect a low share of electricity in industrial energy use,
and limited progress at best towards long-term decarbonisation. Impor-
tantly, this reform also has the potential for securing financial viability
of India’s distribution companies that are perennially in debt, an ob-
jective being vigorously and unsuccessfully pursued by India’s policy
makers since years. Distribution companies need to be given real power
to levy the required prices. In the process, it has to be ensured that
pricing reforms do not hurt the consumers in the lowest income cate-
gory and that the transition is not unjust. Second a new market design
needs to be adopted to ensure that renewable energy is not penalized
due to existing incentive structures in the sector. Perverse incentives
and the complex political economy of this sector are already impact-
ing the penetration of solar and wind in India, with power generation
companies and distribution utilities seeing a higher penetration of these
sources as a threat to their balance sheets. A key reform would have
to be in terms of the market design of power sector. Currently, the two
big pieces in planning for power generation and dispatch are manag-
ing base-load and peak-load. This is consistent with a power sector that
relies heavily on non-variable fuels like fossils or nuclear. For a future
with heavy reliance on variable renewable energy, the role of base-load
in the market design has to be much lower, and effectively disappear
for a future with more than 80%-90% VRE share in generation. Power
companies should bid in different segments: base-load, mid-peak, peak,
and super-peak- based on the economics of generation. Power gener-
ation prices, intuitively, would be highest for the super peak segment
where even coal power plants can operate with low capacity factors if
they are compensated adequately. A transparent market design has the
potential to fix the perverse incentives that exist today against variable
renewable energy. This would also imply that integration of variable
RE in the grid is appropriately incentivised, and that the government
is able to socialise the cost of RE integration as required for support-
ing VRE into the grid. The third important piece of reform is related
to promoting grid-connected distributed energy. There is a significant
potential for grid-connected roof-top solar in India, and the government
has devised supporting policies. This, however, has not been successful
yet as the idea of distributed energy hasn’t mainstreamed itself in the
larger community of investors and users. It is the large centralised in-
vestments that still attract investors, and residential consumers haven’t
been excited by the prospect of becoming prosumers. Harnessing this
opportunity would imply unlocking a lot of finance that is owned by
households and could be deployed through innovative business models
devised by entrepreneurs. Unless the government makes distributed en-
ergy as a must-do investment by large companies, say a fixed share of
their total investments, and engages with the citizens, this opportunity
would never be harnessed to its potential.
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The key challenges for decarbonisation can be resolved only through
effective power sector reforms, and in its absence, long-term deep decar-
bonisation of the Indian economy would only be an ambition on paper,
given that the two sectors (electricity and industry) together contribute
to almost three-fourth of India’s energy related carbon dioxide emissions
currently.

We conclude by highlighting that given its role in global carbon emis-
sions, India might need to take on additional burden for the benefit of
the world, for the world to achieve the global target of ‘well below 2
°C temperature increase’. One way to demonstrate leadership by taking
additional burden for the world would be to adopt a peaking year for
its power sector emissions as a part of its Mid-Century Strategy while
recognising that additional efforts would be required to achieve this
ambitious target even though the progress in this sector has been im-
pressive. Enhancing mitigation ambition, where ever possible, should
be a clear choice by Indian policy makers, communicating continued
leadership by India in the global climate mitigation debate.
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