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A B O U T  T H E  S T U D Y
This research study by LUT University and Climate Trends is a first of its kind regional analysis of cost optimal energy 
transition pathway towards 100% renewables across the power, heat, transport and desalination sectors of North 
India. The study was undertaken before the pandemic but has become even more relevant considering the global 
call for green recovery. The study provides a long-term strategy for developing an economically viable integrated 
energy system enabling emissions reduction that will not only help with India’s climate commitments but also provide 
co-benefits of cleaner air and create millions of more jobs.

India’s economy is still heavily reliant on fossil fuels for energy with the power sector dominated by coal-based 
electricity generation and the transport sector largely fuelled by imported fossil oil. This continued reliance on fossil 
fuels has adversely affected it environmentally as well as economically. However, the uptake of renewable energy in 
the last decade has become a global phenomenon affecting energy markets and disrupting fundamental structures. 
The massive uptake of renewable energy in India and across the world has opened new avenues with increased 
participation of citizens and companies in shaping energy choices, owing to the decentralised nature of renewables 
particularly solar PV and wind energy. The power sector is leading the way through the transition as solar and wind 
power increasingly replace coal, fossil gas, and nuclear energy as the world’s most preferred energy sources 1,2.

The other major energy sector accounting for the bulk of global oil consumption and corresponding emissions is the 
transport sector, since all the dominant transport technologies rely on fossil oil-based fuels. In 2017 road transport 
was responsible for almost 72% of total GHG emissions from transport (including international aviation and shipping). 
Of these, 44% were from passenger cars, 9% from light commercial vehicles and 19% came from heavy-duty 
vehicles 3. However, there is a movement towards electrification in the transport sector with the evolution of the 
global electric car market. This trend is also taking shape in India with electric vehicles sales, excluding e-rickshaws, 
having increased by 20% in 2019-20 4.

India is amongst the most water stressed countries and ranks 13th for overall water stress. It has more than three 
times the population of the other 17 extremely highly stressed countries combined. Therefore, seawater desalination 
based on renewable electricity along with other solutions is important. 

While the pandemic has impacted short term energy demand, and the recovery will continue over the next five years 
or so, from a long term perspective it should be negligible. Importantly, the pandemic has brought to the forefront the 
value of electricity as an energy carrier to keep society functioning even during the lockdown. Despite the drop in 
electricity demand for industrial and commercial activities, renewable energy sources dominated the supply mix as 
thermal power plants across the country struggled to maintain nominal plant load factors. Therefore, accelerating 
the trend of electrification with low cost renewable electricity as the energy carrier, will help in pursuing sustainable 
development and boost economic revival. Along these lines, this research study by LUT University and Climate Trends 
envisions an energy system transition pathway across North India towards 100% renewables by 2050. It analyses 
the development of the energy system (power, heat, transport and desalination sectors) in a Best Policy Scenario, in 
which GHG emissions reach zero by 2050 with a comprehensive adoption of sustainable technologies.

E X E C U T I V E  S U M M A R Y

1 REN21. Renewables Global Status Report. Paris; 2020. https://www.ren21.net/gsr-2020/. Accessed July 19, 2020.

2 Frankfurt School-UNEP Centre/BNEF. Global Trends in Renewable Energy Investment 2020. Frankfurt am Main; 2020. https://www.fs-unep-
centre.org/wp-content/uploads/2020/06/GTR_2020.pdf.

3 European Environment Agency. Greenhouse gas emissions from transport in Europe. 2019:1. https://www.eea.europa.eu/data-and-maps/
indicators/transport-emissions-of-greenhouse-gases/transport-emissions-of-greenhouse-gases-12. Accessed March 1, 2020.

4 Bloomberg Quint. Electric Vehicle Sales In India Up 20% In 2019-20, Industry Body Says. Mumbai; 2020. https://www.bloombergquint.com/
business/electric-vehicle-sales-in-india-up-20-in-2019-20-industry-body-says. Accessed June 8, 2020.
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F O C U S  O N  N O R T H  I N D I A
Northern India, which includes New Delhi, has been experiencing toxic levels of air pollution causing health 
emergencies across the region in recent times. There have been some initiatives from the states as well as 
federal governments with dedicated solar policies in most of the states and efforts to promote electric vehicles 
from the central government. These efforts, while commendable, seem rather inadequate, as there is a lack of 
a clear and coherent pathway, and there is a need for an ambitious vision to drive the changes required at all 
levels. Accelerating the trend of electrification with low-cost renewable electricity as the energy carrier will help in 
pursuing sustainable development and boost economic revival. 

The North Indian energy sector is still dominated with fossil fuels and complemented by some nuclear providing 
more than three quarters of the electricity and coal alone having a share of 63%. In recent times, renewables have 
grown significantly across the country, but some of the states in the Northern grid region are still lagging behind.

For the most part, power, heat and transport have traditionally relied on separate infrastructures and different 
fuels. As a result, separate regulations and policy regimes govern each energy use. Switch to electric alternatives 
is tearing down these sectoral barriers, mainly due to:

high technical efficiencies

comparably lower costs

availability of prospective power-to-X technologies 

These power-to-X technologies include:

power-to-heat (electric heat pumps)

power-to-water (reverse osmosis desalination)

power-to-hydrocarbons (hydrogen, methanation, synthetic fuels including Fischer-Tropsch fuels, synthetic 
chemical feedstock) 

power-to-CO2 for negative CO2 emission technologies, but also sustainable or non-avoidable carbon capture 
and utilisation (CCU). 

T H E  S T U D Y
The LUT Energy System Transition model 5–7 is applied across an integrated energy sector covering the demand 
from power, heat, transport and desalination sectors. The unique features of the model enable cost optimal 
energy system transition pathways on high levels of geo-spatial and temporal (hourly) resolutions based on real 
data.

5 Bogdanov D, Farfan J, Sadovskaia K, Aghahosseini A, Child M, Gulagi A, Oyewo AS, de Souza Noel Simas Barbosa L, Breyer C. Radical 
transformation pathway towards sustainable electricity via evolutionary steps. Nat Commun. 2019;10(1):1077. doi:10.1038/s41467-019-
08855-1.

6  Ram M., Bogdanov D, Aghahosseini A., Gulagi A., Oyewo A.S., Child M., Caldera U., Sadovskaia K., Farfan J., Barbosa LSNS., Fasihi M., Khalili 
S., Dalheimer B., Gruber G., Traber T., De Caluwe F., Fell H.-J. BC. Global Energy System Based on 100 % Renewable Energy - Power, Heat, 
Transport and Desalination Sectors. Study by Lappeenranta University of Technology and Energy Watch Group. Lappeenranta, Berlin; 2019. 
doi:https://bit.ly/2ZnZtPi.

7  Bogdanov D, Ram M, Aghahosseini A, Gulagi A, Oyewo AS, Child M, Caldera U, Sadovskaia K, Farfan J, Barbosa LSNS, et al. Low-cost renewable 
electricity as the key driver of the global energy transition towards sustainability. Submitted. 2020.
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The energy system consists of the following technologies:

electricity generation technologies: renewable energy (RE), fossil & nuclear

heat generation technologies: renewables and fossil fuels 

energy storage technologies: electricity and heat storage technologies

fuel conversion technologies: fuels for energy, mainly in transport

fuel storage technologies: fuel storage as part of power-to-fuels

electricity transmission technologies

REGIONAL SETUP: NORTH INDIA
The regional composition of North India considered in this study is based on the Northern power grid region of India. It 
is one of the five major regional power grids in the country, as shown in Figure ES1. The region consists of eight states, 
Union Territories (UTs) or sub-regions, we have considered Jammu and Kashmir as one region including Ladakh due 
to data constraints: 

Jammu and Kashmir, Ladakh, Himachal Pradesh, Punjab and Chandigarh, Uttarakhand, Haryana, Delhi, Rajasthan and 
Uttar Pradesh.

FIGURE ES1:  Interconnected North Indian grid region comprising 8 states/sub-regions.
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The eight states/regions are interconnected with optimised transmission networks and it is assumed that the 
existing network of distribution lines within the individual states ensure energy supply to all consumers in the state. 

Cost optimised transition pathway for an integrated energy system is modelled for a Best Policy Scenario (BPS) 
across North India.

STUDY OBJECTIVE
The objective of this study is to highlight an energy scenario across North India to achieve the goals of the Paris 
Agreement by reaching zero GHG emissions from the energy sector, in a technically feasible and economically 
viable manner. 

Therefore, a Best Policy Scenario (BPS) is envisioned for an integrated energy sector combining the power, heat, 
transport and desalination demands for the case of North India, from the current system in 2020 towards cost-
optimal energy system with varying features by 2050.

RESULTS
The study establishes that India’s northern electricity grid and its energy consumption can be based on 100% 
renewables by 2050. A transition from a disintegrated energy sector towards a more integrated energy sector 
driven by electrification and sector coupling across the power heat and transport sectors of North India is 
highlighted.

INTEGRATED ENERGY SECTOR
In the BPS, the substantial penetration of renewables influences the change in resource efficiency through 
rapid electrification across the different energy sectors. This eventually determines the levels of primary 
energy demand through the transition as depicted in Figure ES2.

The primary energy demand initially remains stable at around 3000 TWh from 2020 to 2035 and increases 
substantially to over 5200 TWh by 2050, with rapid growth of demand for energy services.

A high level of electrification (95% of primary energy by 2050), which is the basis for this study indicates a 
massive gain in efficiencies (3800 TWh in 2050) compared to a business as usual case or a low electrification 
scenario, wherein the primary energy demand nearly doubles by 2050. 

Rapid electrification across the energy sectors plays a vital role in driving the transition towards higher shares 
of renewable energy as well as deliver high level of integrated energy services.

The levelised cost of energy declines to around 2925 ₹/MWh (39 €/MWh)8 by 2050 and is increasingly 
dominated by capital costs as fuel costs continue to decline through the transition period, while investments in 
the range of 5 lakh crore ₹ (70 b€) would be required annually across North India by 2050. In comparison, this 
is roughly about India’s current investment of around 5.25 lakh crore ₹ (75 bUSD)9 in its energy sector on an 
annual basis. However, as costs of renewables decline significantly by 2050 more value, in terms of installed 
capacities for similar quantum of investments, is realised.  

8 The long term INR:Euro exchange rate is assumed as 75:1.

9 [IEA] - International Energy Agency. World Energy Investment 2019. Paris; 2019. https://webstore.iea.org/download/
direct/2738?fileName=WEI2019.pdf.
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FIGURE ES2: Primary energy demand according to the sector (left) and efficiency gains (right), during the energy transition 

from 2020 to 2050 across North India.

POWER SECTOR
The energy flow in 2020 for North India, which is a fossil fuel dominated energy system, reflects a loss of around 
30%, indicating a highly inefficient system in terms of resource conversion.

In a cost optimised 100% renewable power system across North India, 859 TWh of electricity is exchanged 
across the states, which is around 20% of the generation.

The energy flow in 2050 for North India, which is a 100% renewable energy system reflects a loss of just 17%, 
indicating a highly efficient system in terms of resource conversion.

Solar PV electricity supply share is an average 80% across the region, with Delhi and Uttar Pradesh having the 
highest share of 100% and with Punjab having the least, at 66% in 2050.

Solar PV is expected to emerge as a key energy generation technology by 2050. Its supply increases through 
the transition from less than 50% in 2030 to about 97% by 2050, becoming the lowest cost electricity source. 
(see Figure ES3) 

Storage is critical to ensure stable and reliable electricity supply to all the states in the region and is around 39% 
of the total electricity generation by 2050.

The installed electricity storage capacity increases from just 0.2 TWh in 2030 to around 3.8 TWh by 2050. 

Utility-scale and prosumer batteries with compressed air energy storage (CAES) are installed through the 
transition. Utility-scale and prosumer batteries contribute a major share of the electricity storage output with 
more than 80% by 2050. (see Figure ES3)

Batteries emerge as the major technology to provide storage across the region with nearly 46% of the electricity 
supply from storage. They play a critical role in Delhi with 64% of the storage supply and just 8% in Himachal 
Pradesh. Electrolysers also provide crucial flexibility to the energy system. 

The levelised cost of electricity of the power sector decreases substantially from around INR 5325/MWh (€71/
MWh) in 2020 to around INR 2100/MWh (€28/MWh) by 2050, with cost optimal interstate trade of electricity.
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FIGURE ES3: Electricity generation mix (left) and electricity storage output (right) during the energy transition from 2020 to 

2050 across North India.

HEAT 
A steady increase in total installed capacity of heating technologies, despite a growing demand for heat occurs 
mainly due to efficiency gains with heat pumps and electric heating, as fossil fuels recede from the energy 
system. 

Heat pumps coupled with electric heating play a significant role through the transition with a share of nearly 
45% of heat generation by 2050 on both the district and individual levels. On the other hand, fossil coal, oil and 
gas based heating decreases through the transition from over 75% in 2020, to zero by 2050. (see Figure ES4)

Heat storage plays a vital role in ensuring that the heat demand is covered in all sectors. The installed heat 
storage grows through the transition until 2050 at over 25 TWh, which is dominated by gas storage. This 
substantial capacity addition of gas storage in 2050 is mainly to provide seasonal storage across North India 
covering the heat demand in the absence of fossil fuels. 

Gas storage contributes around 20% of the heat storage output in 2050 covering predominantly seasonal 
demand, this enables a complete phase out of fossil gas by 2050 and replaced with synthetic gas produced 
from renewable electricity through the transition.

The levelised cost of heat of the heat sector declines from around INR 3150/MWh (€42/MWh) in 2020 to 
around INR 2475/MWh (€33/MWh) by 2050.
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TRANSPORT 
The main forms of energy supply are direct and indirect electricity, the latter with liquid hydrocarbons, methane, 
hydrogen, FT-fuels and some biofuels. (see Figure ES4)

The final energy demand for heat increases from 800 TWhth in 2020 to 1800 TWhth by 2050, mainly driven 
by the growing demand for industrial process heat. While the transport demand increases from 800 TWh in 
2020 to over 1000 TWh by 2050. It is mainly driven by the massive electrification of road transport with direct 
electricity consumption increasing from just 12% in 2020 to over 60% by 2050.

Fuel utilisation reduces drastically through the transition as fossil fuels are completely replaced by electricity 
and synthetic fuels (hydrogen and FT-fuels) along with some sustainable biofuels. This can help the country 
reduce its massive crude imports, which are in the range of 6-8 lakh crore ₹ (80-115 bUSD) annually depending 
on global oil prices.

Costs for both passenger and freight decline in the case of road transport, while it remains stable for aviation 
and rail in the region through the transition period.

FIGURE ES4: Final energy demand for the heat sector (left) and the transport sector (right) during the energy transition from 

2020 to 2050 across North India.

DESALINATION
Installed capacity of power generation for the desalination sector increases through the transition period, mainly 
driven by utility-scale solar PV and onshore wind by 2050.

The levelised cost of water for desalination remains quite stable through the transition and declines from around 
INR 83/m3 (€1.1/m3) in 2020 to INR 53/m3 (€0.7/m3) by 2050.

GHG emissions can be maintained at zero across the desalination sector by adopting renewables from the outset. 
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GHG EMISSIONS REDUCTION 
GHG emissions can be reduced from over 825 MtCO2eq in 2020 to zero by 2050 across all energy sectors. 
(see Figure ES5)

FIGURE ES5: Sector-wise GHG emissions during the energy transition from 2020 to 2050 across North India. Tank to Wheel 

(TTW) considers GHG emissions from readily available fuels and does not consider GHG emissions from the upstream 

production and delivery of fuels.

GHG emissions from the transport sector can be reduced from a peak of about 310 MtCO2eq in 2030 to zero by 
2050. (see Figure ES5)

The presented 100% RE scenario for the North Indian energy sector is compatible with the Paris Agreement 
and contributes towards a leadership position for the country.

A deep de-fossilisation of the power sector is possible by 2030, while the heat and transport sectors are lagging 
behind, and a steady decline of emissions is possible beyond 2030 and reaching zero emissions by 2050.
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J O B  P R O S P E C T S
A 100% RE based energy system across North India has the potential to create over 5 million jobs in 2050, 
compared to nearly 3 million jobs in 2020 with the current fossil-based energy system. (see Figure ES6)

Fossil energy-predominantly coal jobs can be readily substituted by RE-related ones, which are far more.

Power sector along with storage emerge as the prime job creators from 2030 onwards. More stable jobs will be 
available in operation and maintenance as well as transmission and distribution.

However, as the power system transitions from being dominated by coal to solar PV, there are more than twice 
the jobs created from 2030 onwards, with over 1.65 million jobs in 2050 compared to around 600,000 jobs in 
2020 in the power sector across North India. (see Figure ES6)

Both utility-scale PV and PV prosumers create substantial number of jobs.

In the heat sector, the total jobs decline through the transition from around 1.9 million jobs in 2020 to about 1.5 
million jobs by 2050, predominantly with increase in labour productivity, use of technology and automation and 
with the decline in fossil fuel usage. More stable jobs will be available in other sectors to compensate for the 
decline. (see Figure ES6)

As storage emerges as a crucial technology in the transition, jobs associated with storage increase substantially 
up to nearly 350,000 by 2050, which are predominantly in battery technology. (see Figure ES6)

Both utility-scale and prosumer batteries create substantial number of jobs.

In the fuels sector, water electrolysis for hydrogen and production of Fischer-Tropsch fuels generate substantial 
jobs from 2030 onwards in the range of 80,000 jobs in 2050. (see Figure ES6)

Oil refineries transform from producing fossil fuels to renewable electricity based synthetic fuels and retain 
most jobs, while also creating new jobs through the transition.

FIGURE ES6: Jobs created by the various energy system technologies (left) and jobs created based on different categories 

with the development of electricity demand specific jobs (right) during the energy transition from 2020 to 2050 across North 

India. Abbreviations: Mfg. – Manufacturing, C&I – Construction and Installation, O&M – Operation and Maintenance, Decom. - 

Decommissioning, T&D – Transmission and Distribution, Spec. Jobs – Electricity demand specific jobs.
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T H E  WAY  F O R WA R D
This research clearly indicates that a 100% renewable energy system across North India with integrating the 
power, heat and transport sectors will not only ensure meeting the ambitious goals of the Paris Agreement, but 
also bring about a multitude of socio-economic benefits to the region and the country as a whole.

A paradigm shift is observed through the transition, wherein low-cost renewable electricity emerges as the 
energy carrier of the future, replacing fossil fuels. In a highly digitalised future with strong climate policies, 
electrification of energy services will be pervasive across the country. 

Primarily, fossil and nuclear fuels used in the energy sector are substituted by technologies directly extracting 
electricity and heat from the environment, in particular solar PV, wind turbines, hydropower and electric 
heating coupled with heat pumps.

Electricity from renewables is used to produce hydrogen, methane and FT-fuels for applications where 
direct electrification is challenging. The advantages of widespread electrification are clear and compelling, as 
substantial efficiency gains are observed through the transition in terms of primary energy demand.

To complement the high levels of electrification along with renewable energy penetration, storage technologies 
play a vital role in providing system stability, flexibility and cross-sectoral integration.

A critical integration of the production process of synthetic fuels with renewable energy generation along with 
innovative heat management increases the overall flexibility of the transport sector and reduces the need for 
high levels of curtailment and storage. 

Electrolysers emerge as a central component through the energy transition, as most power-to-X processes 
begin with the production of hydrogen by electrolysers that is further processed into synthetic methane, FT-
fuels, and liquefied hydrogen.

The electricity generation costs in 2050 for each individual state varies from INR 1650/MWh (€22/MWh) in 
states such as UP, Jammu and Kashmir and Ladakh to INR 4200/MWh (€56/MWh) in states such as Delhi 
and Punjab. On the other hand, the average regional cost of INR 2100/MWh (€28/MWh) is a more accurate 
representation of the cost of energy in 2050, with effective cooperation between states through optimal 
trading of electricity enabling the least cost energy system for the entire region.

Solar PV and batteries emerge to be prime job creators through the transition, with substantial number of 
stable jobs in operation and maintenance of the energy system replacing redundant fossil fuels jobs by 2050.

The transition to 100% renewables enhances water security in the region, as freshwater guzzling thermal 
power plants are replaced with renewable generators that do not consume huge amount of water, while 
renewable powered desalination further ensures low-cost water availability.

Overall, the trend through the transition is that the current decoupled fossil based energy system transits towards 
a highly integrated renewable energy system with high levels of sector coupling. The various storage technologies 
and power-to-X technologies complemented by high levels of electrification enable a highly efficient and cost 
effective energy system, while creating more jobs and enhancing water security in the future.


