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India has committed in the 2015 Paris Agreement to reduce 
greenhouse gas (GHG) emissions intensity by 33–35% 
below 2005 levels and achieve 40% of installed electric 
power capacity from non-fossil sources by 20301. In its 
efforts to further its global climate leadership, at the UN 
General Assembly in 2019 the country pledged a target of 
450 GW of renewable energy (RE) to be achieved by 2030, 
which translates into about 60% of the power capacity 
being renewables2. India has taken remarkable strides 
forward in reforming its power sector in recent decades, 
with electricity shortages declining and connectivity 
approaching almost all households across the country. 
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 However, there is still a long way to go in terms of reaching developed-world 

standards. India's per capita electricity consumption is around 1150 kWh, against 

a global average of almost 3000 kWh3. Electricity generation is also the largest 

contributor to India's energy-related GHG emissions and a major contributor to 

the local air pollution predominant in the cities as well as to other environmental 

issues. 

Historically, the power sector in India has relied on coal-based generation to 

satisfy the growing electricity demand across most states in the country. In recent 

times, significant growth in the share of installed capacity of renewables has been 

observed in some states and the country in general. States such as Gujarat, 

Rajasthan, Karnataka and Tamil Nadu are among the leading states in the country 

with respect to installed renewable capacities (see Figure 1). As indicated in Figure 

1, coal still accounts for around 69% of the electricity generation; however, the 

capacity factors, or Full Load Hours (FLH), have been decreasing on a year-on-

year basis. Several coal power plants are in financial distress 3, and air pollution 

has increasingly become a national problem causing adverse health impacts and 

negative economic consequences. The huge water requirements of coal power 

plants are causing increased levels of water stress and competing with irrigation 

demand for agriculture. These challenges indicate that the trend towards growing 

capacity addition of renewables is expected to continue and is required to be 

accelerated in order to meet India’s ambitious climate targets. 
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Figure 1: Resource-based electricity generation capacities (left) and generation share (right) across the Indian 
power sector in 2020. Abbreviations: Internal Combustion Engine (ICE), Open Cycle Gas Turbine (OCGT) and 
Combined Cycle Gas Turbine (CCGT).  

India is currently faced with an energy trajectory that straddles multiple 

imperatives: sustainability, energy access across the country and energy self-

sufficiency, while most importantly driving and sustaining rapid economic growth. 

In response, the Indian economy has embraced renewable energy at a scale 

and pace unprecedented in its history. Led by wind energy initially and more 

recently solar photovoltaic (PV), the country has already reached the halfway 

mark of its goal to achieve 175 GW installed renewable capacity by 2022. This 

joint research study by LUT University and Wärtsilä envisions an energy system 

transition pathway across the Indian power sector towards 100% renewables by 

2050. It analyses the development of the power system in a Best Policy Scenario, 

in which GHG emissions from the power sector reach zero by 2050 with the 

comprehensive adoption of sustainable energy technologies.
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Methods and influencing factors 

The transition is modelled to a fully renewable powered system across India, 

which is comprised of four major regions as shown in Figure 2.

Figure 2: A map of India showing the four major power grid regions and their corresponding states/
sub-regions.

The country is comprised of 22 states/sub-regions, which are grouped into four 

major regional grids (Northern, Western, Southern, Eastern and North-eastern). 

These grids are further interconnected to form a national transmission network, as 

highlighted in Figure 2. The individual states are interconnected with the regional 

grid plus the regional grids are interconnected with each other. Imports and 

exports between the states are considered as highlighted. It is assumed that the 

existing network of alternating current (AC) lines within the individual states will 

provide electricity to all consumers.

In addition, the energy transitions of the power sectors in the states of Gujarat, 

Telangana, Andhra Pradesh, Karnataka and Tamil Nadu have been modelled 

individually as isolated power systems, without taking into account interstate 

transmission. The results of individual states are available in the annex (A1 to A5) 

to this report.

II. TRANSITIONING TO A FULLY 
RENEWABLE POWERED ENERGY SYSTEM
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LUT Energy System Transition Model 

The LUT Energy System Transition modelling tool4,5 simulates an energy system 

under given conditions, and this simulation is applied for five-year time periods 

from 2015 to 2050. For each period, the model defines a cost-optimal energy 

system structure and operation mode for the given set of constraints: power 

demand, available generation and storage technologies, financial and technical 

assumptions, and limits on installed capacity for all applied technologies. The 

model is based on linear optimisation and performed on an hourly resolution for 

entire years (further details on the workings of the model along with the respective 

mathematical representation of the target functions can be found in the methods 

section of the appendix). The model ensures high-precision computation and 

reliable results. The costs of the entire system are calculated as the sum of 

the annualised capital expenditures including the cost of capital, operational 

expenditures (including ramping costs), fuel costs and the cost of GHG emissions 

for all available technologies. 

The energy system transition analyses also consist of distributed self-generation 

and consumption of residential, commercial and industrial PV prosumers, which 

are simulated with a different model describing the PV prosumer and battery 

capacity development. PV prosumers have the option to install their own rooftop 

PV systems, with or without lithium-ion batteries, and draw power from the grid 

in order to fulfil their demand6,7, while also having the option to feed the surplus 

electricity into the grid. The target function for PV prosumers is the minimisation 

of the cost of consumed electricity, calculated as the sum of self-generation, 

annual costs and the cost of electricity consumed from the grid minus the 

cost of the electricity sold to the grid. The share of consumers opting to install 

their own generation and storage is projected to gradually increase from 3% in 

20158,9 to 20% by 2050. The share of PV prosumers increases in accordance 

with the logistic function, in steps of 3, 9, 15, 18 and 20%. For a given year, if 

self-consumption of electricity becomes economically feasible then the share 

of prosumers for the following year increases, otherwise the share of potential 

prosumers remains the same. For some countries, such as Germany and Italy, 

the starting share of PV prosumers is 9% in 2015. The flow diagram of the LUT 

Energy System Transition Model including input and output data is presented in 

Figure 3. The technical and financial assumptions section of the appendix (Tables 

C1 to C5) provides the full set of technical and financial assumptions utilised in the 

modelling of the energy transition across India.
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Figure 3: Key inputs and outputs of the LUT Energy System Transition Model 10. 

Two crucial constraints are factored into the model in order to establish a sound 

basis for the energy system transition modelling:

1.	 New nuclear, coal and conventional fossil oil-based power plants are 

prohibited from being installed post-2015, mainly due to their inability to fulfil 

the high sustainability criteria set in the model, except the capacities which 

have been grid-connected by 2019. 

2.	 The incremental increase in the share of installed capacities of renewable 

energy technologies is not permitted to exceed 4% per annum in congruence 

with empirical data11. Additionally, this increase in share is further limited to 3% 

between 2015 and 2020. 

The applied strong sustainability requirements do not allow new investments in 

nuclear power plants, as mentioned, but the utilisation of the existing capacity 

continues until the end of individual technical lifetimes to facilitate a gradual 

phase out. This leads to 0.3% of nuclear generation in 2050, which is obviously 

negligible, but as a consequence of the applied rule. The total system cost would 

not be affected even if this tiny generation share were substituted by renewable 

energy and respective storage capacities. Coal-fired power plants are also not 

permitted to receive new allocations; however, the existing capacities have to 

be amortised until the end of their technical lifetimes. Their utilisation is cost 

optimised so that, in later periods of some states, full load hours decline to zero. 

Even though the capacities are no longer producing electricity, they have to be 

amortised to represent the sunken costs of the investments. Consequently, these 

power plants form a cold reserve (also called a security reserve)12. Gas turbines 

and engines are permitted to be installed beyond 2015 due to their lower carbon 
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emissions and the possibility to accommodate synthetic natural gas (SNG) or 

bio-methane into the system13. Gas-fired power plants are more flexible, not only 

in their ramping rates but also in terms of their ability to accommodate different 

fuels as fossil gas is gradually phased out and incrementally substituted with bio-

methane and synthetic gas via power-to-gas technologies.

Renewable electricity generation technologies and resources

The model has integrated all crucial aspects of power systems: power generation, 

storage and transmission. The technologies introduced to the model are classified 

into the following categories:

•	 Technologies for electricity generation: Renewable Energy (RE), fossil and 

nuclear technologies

•	 Energy storage technologies

•	 Electricity transmission technologies 

Figure 4 displays the schematic representation of the LUT Energy System 

Transition Model and all the power sector technologies considered for simulating 

the energy transition14.
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Figure 4: A schematic representation of the LUT Energy System Transition Model for the power sector 
representing the various RE sources for power generation as well as transmission options, storage 
technologies and power demand sectors.
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RE technologies are solar PV (optimally fixed-tilted, single-axis north-south 

tracking and rooftop PV), concentrating solar thermal power (CSP), wind turbines 

(onshore and offshore), hydropower (run-of-river and dam), geothermal and 

bioenergy (solid biomass, biogas and waste-to-energy power plants). The fossil 

fuel-based generation technologies considered are coal-fired power plants, 

reciprocating combustion engines (gas), open cycle gas turbines (OCGT), heavy 

duty open cycle gas turbines (OCGT HD) and combined cycle gas turbines 

(CCGT).

Storage technologies are further classified into the following categories: 

•	 Short-term: Li-ion batteries and pumped hydro energy storage (PHES)

•	 Medium-term: adiabatic compressed air energy storage (A-CAES) and 

thermal energy storage (TES)

•	 Long-term: gas storage including power-to-gas technology, which allows 

production of synthetic methane for the energy system. 

The energy transition simulation takes into account the existing power grid and its 

development with corresponding electricity transmission and distribution losses 
15. All states within India can be interconnected with high voltage direct current 

(HVDC) or high voltage alternating current (HVAC) power lines, therefore increasing 

local flexibility while reducing overall national system costs. 

Financial and technical assumptions

The financial and technical assumptions are mostly taken from various sources 

(CEA16,17, CERC18,19, Pleßmann et al.20, European Commission21, TIP-PV22, 

Vartiainen et al.23, Fraunhofer ISE 201524, Neij 200825, Haysom et al.26, Kutscher 

et al.27, Sigfusson and Uihlein28, Agora Energiewende29, Breyer et al.30, IEA31, 

McDonald and Schrattenholzer32 and Urban et al.33); all these assumptions and 

corresponding references can be found in the technical and financial assumptions 

section of the annex (Table 2.2 to 2.5). Assumptions are considered for five-year 

time periods from 2015 to 2050. The weighted average cost of capital (WACC) 

starts from 11% in 2015 and declines to 7% in 2050 (Annex, Table C3), but in the 

case of residential solar PV prosumers, WACC is set to 4% due to lower financial 

return requirements. Electricity prices for residential, commercial and industrial 

consumers were taken from Tariff Order for individual states and extended to 2050 

based on the methods of Breyer and Gerlach 34. Excess electricity generated by 

PV prosumers is limited to 100% of their own demand, the surplus is fed into 

the national grid, and is assumed to be incentivised for a transfer price of 0.02 €/

kWh. The model ensures that prosumers satisfy their own demand for electricity 

before feeding it to the grid. The costs for biomass are calculated using data from 

the IEA35 and the Intergovernmental Panel on Climate Change (IPCC)36. Solid 

wastes gate fees are 50€/ton in 2015, 53€/ton in 2020, 59€/ton in 2025, 68€/ton 

in 2030, 80€/ton in 2035, 95€/ton in 2040 and 100€/ton in 2045 and 2050; the 

assumption is based global gate fees gradually increasing, reaching 100€/ton by 

2050 as is the case in most developed countries.



White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021	 11

Resource potential for renewable energy technologies

The generation profiles for optimally fixed-tilted PV, solar Concentrating Solar 

Power (CSP) and wind energy are calculated according to Bogdanov and Breyer 
5 and for single-axis tracking PV according to Afanasyeva et al.37. The hydropower 

feed-in profiles are computed based on daily resolved water flow data for the 

year 200538. The raw data on the biomass and waste resources were obtained 

from the Food and Agricultural Organisation (FAO) of the United Nations. The 

potentials were calculated according to the methodology described in Mensah et 

al.39. These potentials were further classified into categories of solid wastes, solid 

residues and biogas. Only 40% of the biomass resource potential was utilised, 

which is an assumption made for the power sector as there would be much 

higher biomass demand from other sectors.

Geothermal energy potential is estimated according to the method described in 

Aghahosseini et al.40. The regional distribution of full load hours (annual generation) 

of solar PV (single-axis tracking) and wind onshore (at 150 m hub-height), which 

are the two most vital sources of electricity in the energy transition across India, 

are shown in Figure 5. It can be observed that almost all states across the country 

have great potential for solar all year round, while the southern and western 

regions have exceptional wind potential. Offshore wind potential is the highest off 

the coasts of Tamil Nadu in the south and Gujarat in the west.
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Figure 5: Indian mapping of annual full load hours for solar PV with single-axis tracking (left) and onshore wind 
at 150 m hub height (right).

Capacity factors for wind-energy generation potential are taken from Bloomberg 

projections for the whole of India, which increase from 29% in 2020 to 36% in 

2035. The best sites have a maximum capacity factor of above 60% (approx. 

5256 FLH) in 2035. Beyond 2035, the same capacity factor is assumed until 

2050.



12	 White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021

The annual variation in the hourly generation profiles of solar PV and wind are 

shown in Figure 6. 

Wind profile (2050)
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Figure 6: Annual distribution of the hourly generation profile for solar PV (left) and wind energy (right) across 
India.

Wind energy generation is predominant in the monsoon months and overcomes 

the solar resource unavailability and provides the perfect complement during 

periods of low solar radiation. Solar PV on the other hand is more evenly 

distributed across the year, as shown in Figure 6.

The monthly averaged resource availability through the year for solar PV and wind 

across India is highlighted in Figure 7. The seasonal complementary nature of 

solar PV and wind energy is clearly evident and ensures the electricity demand is 

satisfied, which is rather stable through the year. Monthly values are normalised to 

the highest monthly value throughout the year.
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Figure 7: Annual distribution of the monthly average electricity generation profiles for solar PV and wind 
energy, and the demand profile across India in 2050.



White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021	 13

Development of electricity demand

The electricity demand of the Indian power sector is estimated to increase from 

1345 TWh in 2020 to about 5921 TWh by 2050, which represents a cumulative 

average annual growth rate of around 4.9% in the energy transition period. 

Electrification of other energy sectors (such as heat, transport and industry) has 

not been considered in this research, but could lead to enhanced demand for 

electricity in the future. The population of India is expected to grow from nearly 

1.3 billion people in 2015 to around 1.7 billion people by 2050, while the average 

per capita electricity demand rises from 1 MWh in 2015 to 3.5 MWh in 2050 as 

highlighted in Figure 8. 
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Figure 8: Development of average electricity consumption per capita in India and in OECD countries, growth 
in population from 2015 to 2050 (left) and the synthetic load profile in 2050 (right) 41.

The synthetic electricity demand profiles from 2015 until 2050 are generated 

based on the methods of Toktarova et al.41. Figure 8 shows the synthetic load 

profile of India in 2050, with a synthetic peak load of 1923 GW. The load profile will 

be different for the centralised system due to partial load covering by prosumers. 

For the modelling of individual states and regions, their corresponding load profiles 

are used as highlighted in section A of the annex.
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Electricity

The electricity generation capacity satisfies demand from the power sector across 

India. The total installed capacity grows massively from about 400 GW in 2020 

to around 4000 GW by 2050, an increase of 10 times in the next three decades 

as shown in Figure 9. In the initial period of the transition, a larger share of wind 

capacities is installed up to 2025, but in the later part of the transition solar PV 

dominates the shares of installed capacities, reaching almost 3000 GW by 2050. 

On the other hand, the share of fossil fuels and nuclear declines through the 

transition, with installed capacities of coal at risk of becoming stranded assets 

and having very low full load hours during the transition years as the share of 

renewables increases. Reciprocating gas engines are installed from 2025 onwards 

to provide flexibility to the system, which is already over 55% renewable based.
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Figure 9: Installed capacities by technology (left) and corresponding shares (right) during the energy transition 
from 2015 to 2050 across India.

The share of coal in electricity generation declines from a dominating 69% in 

2020 to zero by 2050, as shown in Figure 10. Beyond 2015, the share of coal 

continues to drop as the shares of wind energy (27%) in 2025 and then solar PV 

(43%) in 2030 increase in the total electricity generation as they become more 

cost competitive (see Figure 10). Reciprocating gas engines have a share of 1.1% 

in electricity generation in 2050, mainly driven by their higher efficiency and lower 

cost, while having FLH of over 800, mainly utilised for peak supply and balancing. 

The fuel mix for reciprocating gas engines develops from 100% fossil gas in 2020 

to 85% SNG and 15% biomethane in 2050. 

III. RESULTS: ENERGY TRANSITION 
ACROSS THE INDIAN POWER SECTOR
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It is quite evident that the Indian power sector undergoes a rapid transition 

away from coal towards solar PV as the prime source of electricity generation, 

as electricity from solar PV has the lowest cost throughout the transition. The 

trend during the last few years of record low tariffs across the country are already 

disrupting the economics of the power sector, and with the introduction of low-

cost storage solutions this trend is expected to be further amplified.
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Figure 10: Electricity generation by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 across India.

Storage

Energy storage technologies play a critical role in enabling a secure energy supply 

in the power sector across India, which is fully based on renewable energy by 

2050. Storage kicks in predominantly around 2030 as high shares of renewable 

energy contribute to the energy mix. The installed electricity storage capacity 

increases from about 22 TWh in 2030 to around 95 TWh by 2050, as shown in 

Figure 11. Utility-scale and prosumer batteries with major shares of gas storage 

are installed during the transition. Utility-scale and prosumer batteries contribute 

a major share of the electricity storage output with more than 98% by 2050, as 

highlighted by Figure 11. 
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Figure 11: Installed electricity storage capacities (left) and electricity storage output (right) during the energy 
transition from 2015 to 2050 across India.

Gas storage, which is synthetic natural gas produced through the power-to-gas 

process, has large capacities and fewer operating hours as it contributes vital 

seasonal storage during the transition. Battery storage on the other hand mainly 

plays a role in providing diurnal energy storage, as indicated in Figure 12. Gas 

storage mainly plays a role in providing seasonal storage, particularly needed in 

the monsoon season, when the solar resource is at its lowest. The gas storage 

discharges slowly over the monsoon period and is completely discharged by 

the end of winter as can be observed in Figure 12. Some hydropower reservoirs 

provide complementarity with solar and wind but are used mainly for seasonal 

balancing.
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Gas storage state of charge (2050)
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Figure 12: State of charge for battery storage (left) and gas storage (right) in 2050 across India.
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System outlook

The power system of India undergoes a massive transformation from its fossil fuel-

dominated structure in 2020 to a fully renewable-dominated structure by 2050, 

which is highlighted by Figures 13 and 14. 

Figure 13: Energy flows of the Indian power system in 2020.

The energy flows in 2020, which are based on a fossil fuel-dominated power 

system, reflect a loss of around 57%, indicating a highly inefficient system in terms 

of resource conversion (see Figure 13).

On the other hand, energy flows in 2050, which are based on a 100% renewable 

power system, reflect a loss of just 9.3% and a curtailment of 257 TWh, which 

can be used for other applications; future sector coupling with other energy 

sectors (heat, transport and industry) will reduce this even further, indicating a 

highly efficient system in terms of resource conversion. This is highlighted by the 

energy flows as depicted in Figure 14.
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Figure 14: Energy flows of the Indian power system in 2050.

The power system across India has distinctive operational characteristics, which 

vary according to regional and seasonal patterns. The aggregated seasonal 

impact is highlighted by a pan-India best solar week in 2050 (see Figure 15) and a 

pan-India worst solar week in 2050 (see Figure 16). 

During the summer period, solar PV and complementary wind energy are the 

main electricity generation sources. Batteries are used daily, charging during 

the day and discharging during the evening and night-time hours to meet peak 

consumption, as highlighted in Figure 15. Additionally, there is some excess 

electricity, which can be utilised in the case of an integrated energy system with 

coupling of the heat, transport and industrial sectors.
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Hours of a year

Figure 15: Time series of the Indian power system during a best solar week in 2050.

During the monsoon period, solar PV generation decreases, while wind 

generation increases and becomes the main source of electricity generation. A 

share of dispatchable bioenergy compensates for the lack of solar PV and wind 

generation. Reciprocating gas engines are utilised in periods of low generation, 

especially in the beginning of the week when wind generation is low and when 

solar generation is also low in the middle and at the end of the week, as show in 

Figure 16. 

Import and export of electricity between the states and regions of the country 

play a vital role in the monsoon season but are somewhat limited in summer. The 

amount of excess electricity is lower in the monsoon season as compared to the 

summer season.
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Hours of a year

Figure 16: Time series of the Indian power system during a worst solar week in 2050.

Costs and investments 

As indicated in Figure 17, capital expenditures increase through the transition, 

initially with wind and reciprocating gas engines, and later with solar and batteries 

being dominant. 
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Figure 17: Capital expenditures for five-year intervals (left) and levelised cost of electricity (right) during the 
energy transition from 2015 to 2050 across India.

The levelised cost of electricity declines from around 75 €/MWh in 2020 (including 

GHG emissions costs) to around 38 €/MWh by 2050 (see Figure 17) and is 

increasingly dominated by capital costs as fuel costs continue to decline through 
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the transition period, which for India could mean increased self-reliance in terms of 

energy by 2050. Capital costs are distributed across a range of technologies, with 

major investments in solar PV, wind energy, reciprocating gas engines, batteries 

and other storage up to 2050, as shown in Figure 17.

The steady increase in capex-related energy system costs indicates that fuel 

imports from other states across the country and the respective negative impacts 

on trade balances will fade during the transition.

Greenhouse gas (GHG) emissions

The results of the power system transition across India indicate that GHG 

emissions can be reduced from nearly 1166 MtCO2eq in 2020 to zero by 2050 

across the power sector, as shown in Figure 18. The CO2eq intensity of electricity 

generation rapidly declines during the transition, enabled by the phasing out of 

fossil-based power plants, mainly coal, which indicates a deep defossilisation by 

2030 (see Figure 18).
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Figure 18: GHG emissions from the power sector across India during the energy transition from 2020 to 
2050.

The presented best-policy scenario with 100% renewable energy by 2050 for the 

Indian power sector is compatible with the goals of the Paris Agreement and will 

enable India to meet its commitments and take a leadership role globally. A deep 

defossilisation of the power sector is possible by 2030 and a steady decline of 

emissions is possible beyond 2030 up to 2050.
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Regional outlook

Electricity generation capacities are installed across India to satisfy the demand 

for power up to 2050. Solar PV capacities are predominant across all states/

sub-regions of India that have excellent solar resources throughout the year, while 

bioenergy capacities are mainly in the northern and eastern agrarian states (see 

Figure 19). Hydropower is predominant in states that have major rivers flowing 

through them and therefore have much better hydropower conditions, as shown 

in Figure 19. Overall, solar PV and wind capacities along with some hydropower 

capacities constitute the majority of the installed capacity across India in 2050. 

Similarly, higher shares of solar PV generation are present across all the states/

sub-regions, as highlighted in Figure 19. This could enhance the complementarity 

of solar PV and battery storage in an interconnected Indian power system 

and also neutralise the effects of the monsoon season across the region, as 

highlighted in detail in Gulagi et al.42.

Figure 19: Regional electricity generation capacities (left) and electricity generation (right) across India in 2050.

Storage capacities are well distributed across the states/sub-regions of India, 

mainly to complement higher shares of installed solar PV capacities. The installed 

storage capacities are dominated by gas storage, which exists mainly to provide 

seasonal storage (see Figure 20). 
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Figure 20: Regional variations in electricity storage capacities (left) and storage output (right) across India in 
2050.

Batteries, both prosumers and utility-scale, deliver the largest shares of output 

by 2050, as shown in Figure 20. A-CAES contributes complementary shares of 

electricity storage output during the transition across the different states/sub-

regions of India, with higher shares in Rajasthan, Maharashtra and Karnataka.

National installed capacity of solar PV reaches 3076 GW across the country 

in 2050 as shown in Figure 21. The state of Rajasthan with its excellent solar 

resources has the highest installed capacity of 388 GW in 2050. Solar PV 

emerges as the prime source of electricity generation across India and supplies 

an average of nearly 73% of electricity generation across the country as shown in 

Figure 21. Delhi having the highest share of 90% and Punjab with the lowest share 

of 47% of solar PV generation in 2050. 
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Figure 21: Regional solar PV capacities (left) and shares of solar PV generation (right) across North India in 
2050.

The storage output for the entire Indian power sector is predominantly from 

batteries (both utility-scale and prosumers) at a national average of over 35% of 

electricity generation in 2050, as shown in Figure 22. Electrolysers play a vital 

role in terms of the production of hydrogen in the transition of the energy system 

across North India and reach a regional installed capacity of 407 GWel in 2050. 

The major capacities are in the solar-rich states of Rajasthan, Karnataka and 

Uttar Pradesh with minor capacities in the rest of the states across the country, 

as shown in Figure 22. Electrolysers not only produce hydrogen, which is a fuel 

as well as feedstock for production of electricity-based synthetic fuels, but also 

provides crucial flexibility to the power system during the transition.
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Figure 22: Regional variation of storage supply shares (left) and battery supply shares (right) across India in 
2050.

Role of transmission

Transmission infrastructure is extremely vital for the regional and national 

integration of the power system and enables the transition across the country 

towards 100% renewables in a cost-effective manner. The power transmission 

capacity increases by more than six times from 2020 to 2050, as shown in Figure 

23. The cross-state electricity transmitted reaches close to 12% of the electricity 

generated in 2050, as highlighted in Figure 23. This indicated that a strong 

regional and national grid is vital for India to benefit from the low-cost renewable 

resources distributed across the various states.
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Figure 23: Installed grid capacity (left) and share of grid electricity supply (right) across India during the 
transition from 2015 to 2050.



26	 White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021

The grid utilisation across India is shown in Figure 24. The maximum grid 

utilisation is during the monsoon season, while during regular days the lowest 

grid transmission capacity is needed, which is explained by direct use of solar 

PV electricity. About 22% of all electricity demand is directly covered by storage 

discharge, mainly during the night hours (see Figure 24). Storage and grids 

provide complementary flexibility in the system, as storage provides flexibility on 

a temporal scale (shifting electricity at the same location, but available at different 

times), while grids provide flexibility on a geographical scale (shifting electricity at 

the same time, but from one location to another).
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Figure 24: Regional variation (left) and temporal variation (right) in grid utilisation across India in 2050.

A strong regional grid is vital for all states in the region to benefit from the low-cost 

renewable resources in the entire region. The annual net grid utilisation across the 

country is around 823 TWh, which is 12% of the electricity generated in 2050 as 

shown in Figure 25.
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Figure 25: Regional electricity exports and imports (left) and interregional exchange of electricity (right) across 
India in 2050. 

In a cost-optimised energy system across the Indian grid, transmission and 

distribution play a vital role in ensuring all the states/sub-regions benefit and 

reduce their overall energy costs. This setup is extremely important for city states 

like Delhi, which imports most of its electricity. On the other hand, states such 

as Himachal Pradesh, Rajasthan and Karnataka emerge as huge exporters of 

low-cost renewable electricity (see Figure 25), which provides these states with an 

economic boost and creates much-needed jobs.

Power sector transition in states

As part of this research, power system transition pathways for five individual 

states – Gujarat, Telangana, Andhra Pradesh, Karnataka and Tamil Nadu – were 

modelled without considering respective interstate transmission. While the results 

indicate that the states can easily satisfy future power demands, as highlighted 

in the annex, the power system is somewhat over capacity and expensive 

compared to a nationally integrated power system. The states benefit from the 

interconnections with other states and across the country as this reduces both the 

total capacity requirement and the overall system cost. The utilisation of storage 

capacities is also considerably reduced when the states are interconnected as 

the states utilise low-cost renewable electricity from neighbouring regions rather 

than having to add their own storage capacities. Therefore, wider and more 

expansive transmission along with grid interconnections reduce the need to build 

excess capacities and reduce curtailment. Furthermore, with the consideration of 

more energy sectors and trends such as sector coupling and integrated energy 

systems, the overall efficiency of the system could be increased while decreasing 

costs and curtailment. 



28	 White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021

A. RESULTS 
Below are the detailed results for each of the states modelled individually.

A1. GUJARAT
The state of Gujarat, which is part of the western grid in the Indian power system 

(see Figure A1.1), is one of the most industrialised states in the country and has a 

growing energy demand. It is modelled to be self-sufficient in terms of meeting its 

future power demand as part of this research. Furthermore, no imports or exports 

with other neighbouring states are considered. It is also assumed that the existing 

network of AC lines, mainly for distribution of electricity within Gujarat, will provide 

electricity to all consumers in the future.

Figure A1.1: Gujarat within the regional setup of India.

Historically, the power sector in Gujarat has relied on coal-based generation to 

satisfy the growing electricity demand across the state. In recent times significant 

growth in the share of installed capacity of renewables has been observed, and 

Gujarat is now among the leading states in the country in terms of renewables 

(see Figure A1.2). As indicated in Figure A1.2, coal still accounts for around 

78% of the electricity; however the capacity factors, or alternately the Full Load 

Hours (FLH), of coal power plants across the country have been decreasing on 

a year-on-year basis. In addition, several of these plants are in financial distress. 

Air pollution has increasingly become a national problem causing adverse health 

IV. ANNEX
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impacts and negative economic consequences. The huge water requirements 

of coal power plants are causing increased levels of water stress and competing 

with irrigation demand for agriculture. These challenges indicate that the trend 

of growing the capacity addition of renewables is expected to continue and is 

required to be accelerated to meet India’s ambitious climate targets. 
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Figure A1.2: Resource-based electricity generation capacities (left) and generation share (right) of the Gujarat 
power sector in 2020.

Demand

The cumulative average annual growth rate of electricity consumption is about 

4.9% during the energy transition period from 2015 to 2050 compared to the 7% 

average growth rate of electricity demand across the country in recent times. The 

population of Gujarat is expected to grow from about 66 million in 2020 to 86 

million by 2050, while the average per capita electricity demand rises from 2.1 in 

2020 to 7.1 MWh by 2050, as indicated in Figure A1.3. 
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Figure A1.3: Annual distribution of the hourly load profile in 2050 (left) and development of the per capita 
electricity consumption (right) during the energy transition from 2015 to 2050 in Gujarat.
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The electricity demand is assumed to increase from 138 TWh in 2015 to around 

609 TWh in 2050. The load profile in 2050 will be different for the centralised 

system due to partial load covering by prosumers, as shown in Figure A1.3. 

However, the seasonal variations in demand in Gujarat are quite evident, with 

peaks in the summer and pre-monsoon seasons.

Resource

The resource of solar PV and wind, which are the most relevant sources in 

the energy transition, are highlighted in Figure A1.4. Solar PV is more evenly 

distributed throughout the state, with high potential in the western regions of 

Kutch, while the wind potential is mainly concentrated in the western parts of the 

state and indicates high offshore wind potential in the region, as highlighted in 

Figure A1.4.
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Figure A1.4: Regional distribution of capacity factors/full load hours for solar PV (left) and wind energy (right) 
across Gujarat. The wind capacity factor/full load hours shown are for 2035 and beyond.

The capacity factors for the wind energy generation potential are taken from 

Bloomberg projections for the whole of India; they increase from 29% in 2020 to 

36% in 2035. The best sites have maximum capacity factors of 48% (about 4200 

FLH) in 2035. Beyond 2035, the same capacity factor/FLH is assumed until 2050.

The annual variations in aggregated hourly generation profiles of solar PV 

and wind are shown in Figure A1.5. Wind energy generation is predominant 

in the monsoon months and overcomes the solar resource unavailability and 

complements perfectly in periods of low solar radiation; solar PV on the other 

hand is more evenly distributed through the year, as shown in Figure A1.5.
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Figure A1.5: Annual distribution of the hourly generation profile for solar PV (left) and wind energy (right) in 
Gujarat.

The monthly averaged resource availability throughout the year for solar PV and 

wind is highlighted in Figure A1.6. The seasonal complementary nature of solar 

PV and wind energy is clearly evident and ensures that demand, which is rather 

stable through the year, is satisfied. Monthly values are normalised to the highest 

monthly value throughout the year.
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Figure A1.6: Annual distribution of the monthly average electricity generation profiles for solar PV and wind 
energy, and the demand profile in Gujarat in 2050.
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Electricity

The electricity generation capacity in Gujarat satisfies demand from the power 

sector. The total installed capacity grows massively from about 40 GW in 2020 

to around 380 GW by 2050, as shown in Figure A1.7. In the initial period of the 

transition, a larger share of wind capacities is installed up to 2025, but in the 

later part of the transition solar PV dominates the shares of installed capacities, 

reaching almost 270 GW by 2050. On the other hand, the share of fossil fuels and 

nuclear energy declines during the transition, with installed capacities of coal at 

risk of becoming stranded assets and having very low full load hours during the 

transition years as the share of renewables increases. Reciprocating gas engines 

are increasingly installed from 2030 onwards to provide flexibility to the system, 

which is already 50% renewable based.
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Figure A1.7: Installed capacities by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Gujarat.

As shown in Figure A1.8, the share of coal in electricity generation increases in 

2020 to provide the electricity needed to meet the increasing power demand, as 

coal is cheaper than gas and oil. Beyond 2020, the share of coal continues to 

drop as the share of wind energy (32%) in 2025 and then solar PV (53%) in 2030 

increase in the total electricity generation as they become more cost competitive 

(see Figure A1.8). Reciprocating gas engines have a share of 3.3% in electricity 

generation in 2050, mainly driven by their higher efficiency and lower cost, while 

having FLH of over 800, mainly utilised for peak supply and balancing. The fuel 

mix for reciprocating gas engines develops from 100% fossil gas in 2020 to 98% 

synthetic natural gas and 2% biomethane in 2050.
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Figure A1.8: Electricity generation by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Gujarat.

Storage

Energy storage technologies play a critical role in enabling a secure energy supply 

in the power sector of Gujarat, which by 2050 is fully based on renewable energy. 

The installed electricity storage capacity increases from just 0.5 TWh in 2030 to 

around 28 TWh by 2050, as shown in Figure A1.9. Utility-scale and prosumer 

batteries, with major shares of gas storage, are installed during the transition. 

Utility-scale and prosumer batteries contribute a major share of the electricity 

storage output with more than 99% by 2050, as highlighted by Figure A1.9. 
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Figure A1.9: Installed electricity storage capacities (left) and electricity storage output (right) during the energy 
transition from 2015 to 2050 in Gujarat.
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Gas storage, which is synthetic natural gas produced through the power-to-gas 

process, has large capacities and fewer operating hours as it contributes vital 

seasonal storage during the transition. Battery storage mainly plays a role in 

providing diurnal storage, as indicated in Figure A1.10.
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Figure A1.10: State of charge for battery storage (left) and gas storage (right) in 2050 for Gujarat.

Gas storage mainly plays a role in providing seasonal storage, which is especially 

needed in the monsoon season when the solar resource is at its lowest. The gas 

storage discharges slowly over the monsoon period and is completely discharged 

by the end of winter, as can be observed in Figure A1.10. Some hydropower 

reservoirs provide complementarity with solar and wind but are used mainly for 

seasonal balancing.
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System outlook

The power system in Gujarat has distinctive operational characteristics, which 

vary according to the seasonal pattern. This is highlighted by a summer week in 

2050 (see Figure A1.11) and monsoon week in 2050 (see Figure A1.12). During 

the summer period, solar PV and complementary wind energy are the main 

electricity generation sources. Batteries are used daily, charging during the day 

and discharging during the evening and night to meet peak consumption, as 

highlighted in Figure A1.12. 

Figure A1.11: Time series of the power system in Gujarat during a best solar week in 2050.

During the monsoon period, solar PV generation decreases while wind generation 

increases and becomes the main source of electricity generation. A share 

of dispatchable bioenergy compensates for the lack of solar PV and wind 

generation. Reciprocating gas engines are utilised in periods of low generation, 

especially in the beginning of the week when wind generation is low and when 

solar generation is also low during the middle and end of the week, as shown in 

Figure A1.12.
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Figure A1.12: Time series of the power system in Gujarat during a worst solar week in 2050.

Costs and investments 

As indicated in Figure A1.13, capex increases during the transition, with wind 

initially and later solar and batteries being dominant. 
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Figure A1.13: Capital expenditures for five-year intervals (left) and levelised cost of electricity (right) during the 
energy transition from 2015 to 2050 in Gujarat.
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The levelised cost of electricity declines from around 77 €/MWh in 2020 to around 

43 €/MWh by 2050 (see Figure A1.13) and is increasingly dominated by capital 

costs as fuel costs continue to decline during the transition period, which could 

mean increased self-reliance in terms of energy for Gujarat by 2050. Capital costs 

are divided across a range of technologies, with major investments in solar PV, 

wind energy, batteries and gas storage up to 2050, as shown in Figure A1.13.

The steady increase in capex-related energy system costs indicates that fuel 

imports from other states across the country and the respective negative impacts 

on trade balances will fade during the transition.

Greenhouse gas (GHG) emissions

The results of the power system transition in Gujarat indicate that GHG emissions 

can be reduced from 140 MtCO2eq in 2020 to zero by 2050 across the power 

sector, as shown in Figure A1.14. The CO2eq intensity of electricity generation 

rapidly declines during the transition, enabled by the phase-out of fossil-based 

power plants, which indicates a deep defossilisation by 2035 (see Figure A1.14).
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Figure A1.14: GHG emissions from the power sector during the energy transition from 2020 to 2050 in 
Gujarat.

The presented 100% RE scenario for the power sector of Gujarat is compatible 

with the goals of the Paris Agreement and will enable India to meet its 

commitments and take a leadership role. A deep defossilisation of the power 

sector is possible by 2030, and a steady decline in emissions is possible beyond 

2030 up to 2050.
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A2. TELANGANA
The recently formed state of Telangana is part of the southern grid in the Indian 

power system (see Figure A2.1). It is one of the rapidly developing information 

technology hubs in the country and has a growing energy demand. It is modelled 

to be self-sufficient in terms of meeting its future power demand as part of this 

research. Furthermore, no imports or exports with other neighbouring states are 

considered. It is also assumed that the existing network of AC lines, mainly for 

distribution of electricity within Telangana, will provide electricity to all consumers in 

the future.

Figure A2.1: Telangana within the regional setup of India.

The power sector in Telangana is quite heavily relied on coal-based generation to 

satisfy the growing electricity demand across the state. In recent times significant 

growth in the share of installed capacity of renewables has been observed, 

predominantly in the form of solar PV capacities (see Figure A2.2). As indicated in 

Figure A2.2, coal still accounts for around 82% of the electricity in 2020; however 

the capacity factors, or alternately the Full Load Hours (FLH), of coal power plants 

across the country have been decreasing on a year-on-year basis. In addition, 

several of these plants are in financial distress. Air pollution has increasingly 

become a national problem causing adverse health impacts and negative 

economic consequences. The huge water requirements for coal power plants are 
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causing increased levels of water stress and competing with irrigation demand 

for agriculture. These challenges indicate that the trend of growing the capacity 

addition of renewables is expected to continue and is required to be accelerated 

to meet India’s ambitious climate targets. 
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Figure A2.2: Resource-based electricity generation capacities (left) and generation share (right) of the 
Telangana power sector in 2020.

Demand

The cumulative average annual growth rate of electricity consumption is about 

4.9% during the energy transition period from 2015 to 2050, comparable to a 

7% average growth rate of electricity demand across the country in recent times. 

The population of Telangana is expected to grow from about 40 million in 2020 

to nearly 50 million by 2050, while the average per capita electricity demand rises 

from 1.8 MWh in 2020 to 5.8 MWh by 2050, as indicated in Figure A2.3. 
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Figure A2.3: Annual distribution of the hourly load profile in 2050 (left) and development of the per capita 
electricity consumption (right) during the energy transition from 2015 to 2050 in Telangana.
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The electricity demand is assumed to increase from 138 TWh in 2015 to around 

609 TWh by 2050. The load profile in 2050 will be different for the centralised 

system due to partial load covering by prosumers, as shown in Figure A2.3. 

However, the seasonal variations in demand in Telangana are clearly evident, with 

peaks in summer and the pre-monsoon season.

Resource

The resource of solar PV and wind, which are the most relevant sources in the 

energy transition across Telangana, are highlighted in Figure A2.4. Solar PV is 

more evenly distributed throughout the state, with high potential in the southern 

and western regions, whereas the wind potential is mainly concentrated in the 

southwestern part of the state and indicates high concentration in the region, as 

highlighted in Figure A2.4.
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Figure A2.4: Regional distribution of capacity factors/full load hours for solar PV (left) and wind energy (right) 
across Telangana. The wind capacity factor/full load hours shown are for 2035 and beyond.

Capacity factors for the wind energy generation potential are taken from 

Bloomberg projections for the whole of India, which increase from 29% in 2020 to 

36% in 2035. The best sites have maximum capacity factors of 48% (about 4200 

FLH) in 2035. Beyond 2035, the same capacity factor/FLH is assumed until 2050.

The annual variations in aggregated hourly generation profiles of solar PV and 

wind are shown in Figure A2.5. Wind energy generation is predominant in the 

monsoon months and compensates for the lack of solar resource availability 

and complements perfectly in periods of low solar radiation; solar PV on the 

other hand is more evenly distributed through the year, as shown in Figure A2.5. 

Grids will play a key role in the state of Telangana as the wind potential is more 

concentrated in the southwestern region and solar is well distributed across the 

state; well-planned transmission can therefore enhance the complementarity of 

these resources.
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Figure A2.5: Annual distribution of the hourly generation profile for solar PV (left) and wind energy (right) in 
Telangana.

The monthly averaged resource availability throughout the year for solar PV and 

wind is highlighted in Figure A2.6. The seasonal complementary nature of solar 

PV and wind energy is clearly evident and ensures demand, which is rather stable 

through the year, is satisfied. Monthly values are normalised to the highest monthly 

value throughout the year.
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Figure A2.6: Annual distribution of the monthly average electricity generation profiles for solar PV and wind 
energy, and the demand profile in Telangana in 2050.
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Electricity

The electricity generation capacity in Telangana satisfies demand from the power 

sector during the transition. The total installed capacity grows massively from 

about 16 GW in 2020 to around 240 GW by 2050 as shown in Figure A2.7. Solar 

PV dominates the shares of installed capacities from 2020 onwards, reaching 

almost 180 GW by 2050. Wind capacities complement solar PV with some shares 

from 2025 during the transition. On the other hand, the shares of fossil fuels 

decline through the transition, with installed capacities of coal at risk of becoming 

stranded assets and having very low full load hours during the transition years 

as the share of renewables increases. Reciprocating gas engines are installed 

increasingly from 2025 onwards to provide flexibility to the system, which is 

already 50% renewable based.
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Figure A2.7: Installed capacities by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Telangana.

As shown in Figure A2.8, the share of coal in electricity generation increases in 

2020 to provide electricity needed to meet the increasing power demand, as 

coal is cheaper than gas and oil. Beyond 2020, the share of coal continues to 

drop as the share of solar PV (22%) in 2025 and wind energy (26%) in 2030 

increase in the total electricity generation as they become more cost competitive 

(see Figure A2.8). Reciprocating gas engines have a share of 2.8 % in electricity 

generation in 2050, mainly driven by their higher efficiency and lower cost, while 

having FLH of over 1350, mainly utilised for peak supply and balancing. The fuel 

mix for reciprocating gas engines develops from 100% fossil gas in 2020 to 99% 

synthetic natural gas and 1% biomethane in 2050.
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Figure A2.8: Electricity generation by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Telangana.

Storage

Energy storage technologies play a critical role in enabling a secure energy supply 

in the power sector of Telangana, which by 2050 fully based on renewable energy. 

The installed electricity storage capacity increases from just 0.5 TWh in 2030 to 

around 13 TWh by 2050, as shown in Figure A2.9. Utility-scale and prosumer 

batteries, with major shares of gas storage, are installed during the transition. 

Utility-scale and prosumer batteries contribute a major share of the electricity 

storage output with more than 99% by 2050, as highlighted by Figure A2.9. 

Storage output covers 42% of electricity demand across Telangana by 2050. 
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Figure A2.9: Installed electricity storage capacities (left) and electricity storage output (right) during the energy 
transition from 2015 to 2050 in Telangana.

Gas storage, which is synthetic natural gas produced through the power-to-gas 
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process, has large capacities and fewer operating hours as it contributes vital 

seasonal storage during the transition. Battery storage mainly plays a role in 

providing diurnal storage, as indicated in Figure A2.10. 
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Figure A2.10: State of charge for battery storage (left) and gas storage (right) in 2050 for Telangana.

Gas storage mainly plays a role in providing seasonal storage, which is especially 

needed in the monsoon season when the solar resource is at its lowest. The gas 

storage discharges slowly over the monsoon period and is completely discharged 

by the end of winter, as can be observed in Figure A2.10. Some hydropower 

reservoirs provide complementarity with solar and wind but are used mainly for 

seasonal balancing.
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System outlook

The power system in Telangana has distinctive operational characteristics, which 

vary according to the seasonal pattern. This is highlighted by a summer week in 

2050 (see Figure A2.11) and a monsoon week in 2050 (see Figure A2.12). 

Figure A2.11: Time series of the power system in Telangana during a best solar week in 2050.

During the summer period, solar PV and very low shares of complementary 

wind energy are the main electricity generation sources. Batteries are used daily, 

charging during the day and discharging during the evening and night to meet 

peak consumption, as highlighted in Figure A2.11. 

During the monsoon period, solar PV generation decreases while wind generation 

increases and becomes the main source of electricity generation. Some shares of 

dispatchable bioenergy compensate for the lack of solar PV and wind generation. 

Reciprocating gas engines are utilised in periods of low generation, especially in 

the beginning of the week when wind generation is low and when solar generation 

is also low during the middle and end of the week, as shown in Figure A2.12.
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Figure A2.12: Time series of the power system in Telangana during a worst solar week in 2050.

Costs and investments 

As indicated in Figure A2.13, capex increases during the transition, with wind 

initially and later solar and batteries being dominant. 
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Figure A2.13: Capital expenditures for five-year intervals (left) and levelised cost of electricity (right) during the 
energy transition from 2015 to 2050 in Telangana.
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The levelised cost of electricity declines from around 90 €/MWh in 2020 to around 

48 €/MWh by 2050 (see Figure A2.13) and is increasingly dominated by capital 

costs as fuel costs continue to decline during the transition period, which could 

mean increased self-reliance in terms of energy for Telangana by 2050. Capital 

costs are divided across a range of technologies, with major investments in solar 

PV, wind energy, batteries and gas storage up to 2050, as shown in Figure A2.13.

The steady increase in capex-related energy system costs indicates that fuel 

imports from other states across the country and the respective negative impacts 

on trade balances will fade during the transition.

GHG emissions

The results of the power system transition in Telangana indicate that GHG 

emissions can be reduced from over 65 MtCO2eq in 2020 to zero by 2050 across 

the power sector, as shown in Figure A2.14. The CO2eq intensity of electricity 

generation rapidly declines during the transition, enabled by the phase-out of 

fossil-based power plants, which indicates a deep defossilisation by 2035 (see 

Figure A2.14).
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Figure A2.14: GHG emissions from the power sector during the energy transition from 2020 to 2050 in 
Telangana.

The presented 100% RE scenario for the power sector of Telangana is 

compatible with the goals of the Paris Agreement and will enable India to meet 

its commitments and take a leadership role. A deep defossilisation of the power 

sector is possible by 2035, and a steady decline of emissions is possible beyond 

2035 up to 2050.
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A3. ANDHRA PRADESH
The recently bifurcated state of Andhra Pradesh is part of the southern grid in the 

Indian power system (see Figure A3.1). Although it is one of the country’s largely 

agrarian states, the energy demand is growing rapidly as a result of increasing 

industrialisation and urbanisation. It is modelled to be self-sufficient in terms of 

meeting its future power demand as part of this research. Furthermore, no imports 

or exports with other neighbouring states are considered. It is also assumed that 

the existing network of AC lines, mainly for distribution of electricity within Andhra 

Pradesh, will provide electricity to all consumers in the future.

Figure A3.1: Andhra Pradesh within the regional setup of India.

Historically, the power sector in Andhra Pradesh has relied on coal-based 

generation to satisfy the growing electricity demand across the state. In recent 

times significant growth in the share of installed capacity of renewables has 

been observed, and Andhra Pradesh is now among the leading states in the 

country in terms of renewables (see Figure A3.2). As indicated in Figure A3.2, 

coal still accounts for around 62% of the electricity; however the capacity factor 

or alternately the Full Load Hours (FLH), of coal power plants across the country 

have been decreasing on a year-on-year basis. In addition, several of these plants 

are in financial distress. Air pollution has increasingly become a national problem 

causing adverse health impacts and negative economic consequences. The huge 
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water requirements of coal power plants are causing increased levels of water 

stress and competing with irrigation demand for agriculture. These challenges 

indicate that the trend of growing the capacity addition of renewables is expected 

to continue and is required to be accelerated to meet India’s ambitious climate 

targets. 
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Figure A3.2: Resource-based electricity generation capacities (left) and generation share (right) of the Andhra 
Pradesh power sector in 2020.

Demand

The cumulative average annual growth rate of electricity consumption is about 

4.9% during the energy transition period from 2015 to 2050 compared to a 7% 

average growth rate of electricity demand across the country in recent times. The 

population of Andhra Pradesh is expected to grow from 58 million in 2020 to 72 

million in 2050, while the average per capita electricity demand rises from 1.4 

MWh in 2020 to 4.1 MWh by 2050, as indicated in Figure A3.3. 
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Figure A3.3: Annual distribution of the hourly load profile in 2050 (left) and development of the per capita 
electricity consumption (right) during the energy transition from 2015 to 2050 in Andhra Pradesh.
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The electricity demand is assumed to increase from 81 TWh in 2020 to around 

290 TWh by 2050. The load profile in 2050 will be different for the centralised 

system due to partial load covering by prosumers, as shown in Figure A3.3. 

However, the seasonal variations in demand in Andhra Pradesh are clearly 

evident, with peaks in the summer and the pre-monsoon seasons.

Resource

The resource of solar PV and wind, which are the most relevant sources in the 

energy transition across Andhra Pradesh, are highlighted in Figure A3.4. Solar PV 

is more evenly distributed throughout the state, with high potential in the western 

regions, while the wind potential is mainly concentrated in the southern and 

western parts of the state and indicates moderate offshore wind potential in the 

region, as highlighted in Figure A3.4.
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Figure A3.4: Regional distribution of capacity factors/full load hours for solar PV (left) and wind energy (right) 
across Andhra Pradesh. The wind capacity factor/full load hours shown are for 2035 and beyond.

The capacity factors for the wind energy generation potential are taken from 

Bloomberg projections for the whole of India, which increase from 29% in 2020 to 

36% in 2035. The best sites have maximum capacity factors of 48% (about 4200 

FLH) in 2035. Beyond 2035, the same capacity factor/FLH is assumed until 2050.

The annual variations in aggregated hourly generation profiles of solar PV 

and wind are shown in Figure A3.5. Wind energy generation is predominant 

in the monsoon months and overcomes the solar resource unavailability and 

complements perfectly in periods of low solar radiation; solar PV on the other 

hand is more evenly distributed through the year, as shown in Figure A3.5.
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Figure A3.5: Annual distribution of the hourly generation profile for solar PV (left) and wind energy (right) in 
Andhra Pradesh.

The monthly averaged resource availability throughout the year for solar PV and 

wind is highlighted in Figure A3.6. The seasonal complementary nature of solar 

PV and wind energy is clearly evident and ensures the demand, which is rather 

stable through the year, is satisfied. In the winter months solar and wind are quite 

low, and this necessitates more seasonal storage demand. Monthly values are 

normalised to the highest monthly value throughout the year.
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Figure A3.6: Annual distribution of the monthly average electricity generation profiles for solar PV and wind 
energy, and the demand profile in Andhra Pradesh in 2050.
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Electricity

The electricity generation capacity in Andhra Pradesh satisfies demand from the 

power sector during the transition. The total installed capacity grows massively 

from about 20 GW in 2020 to around 240 GW by 2050, as shown in Figure A3.7. 

In the initial period of the transition, a larger share of wind capacities is installed 

up to 2025, but in the later part of the transition solar PV dominates the shares 

of installed capacities, reaching almost 175 GW by 2050. On the other hand, the 

share of fossil fuels declines through the transition, with installed capacities of coal 

at risk of becoming stranded assets and having very low full load hours during the 

transition years as the share of renewables increases. Reciprocating gas engines 

are increasingly installed from 2030 onwards to provide flexibility to the system, 

which is already 75% renewable based.
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Figure A3.7: Installed capacities by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Andhra Pradesh.

As shown in Figure A3.8, the share of coal in electricity generation increases 

slightly in 2020 to provide the electricity needed to meet the increasing power 

demand, as coal is cheaper than gas and oil. 
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Figure A3.8: Electricity generation by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Andhra Pradesh.

Beyond 2020, the share of coal continues to drop as the share of wind 

energy (28%) in 2025 and then solar PV (58%) in 2030 increase in the total 

electricity generation as they become more cost competitive (see Figure A3.8). 

Reciprocating gas engines have a share of 2.1% in electricity generation in 2050, 

mainly driven by their higher efficiency and lower cost, while having FLH of nearly 

1450, mainly utilised for peak supply and balancing. The fuel mix for reciprocating 

gas engines develops from 100% fossil gas in 2020 to 86% synthetic natural gas 

and 14% biomethane in 2050.

Storage

Energy storage technologies play a critical role in enabling a secure energy 

supply in the power sector of Andhra Pradesh, which by 2050 is fully based on 

renewable energy. The installed electricity storage capacity increases from just 0.5 

TWh in 2030 to around 11 TWh by 2050, as shown in Figure A3.9. Utility-scale 

and prosumer batteries, with major shares of gas storage, are installed during 

the transition. Utility-scale and prosumer batteries contribute a major share of the 

electricity storage output with more than 98% by 2050, as highlighted by Figure 

A3.9. Storage output covers about 41% of electricity demand in 2050. 
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Figure A3.9: Installed electricity storage capacities (left) and electricity storage output (right) during the energy 
transition from 2015 to 2050 in Andhra Pradesh.

Gas storage, which is synthetic natural gas produced through the power-to-gas 

process, has large capacities and fewer operating hours as it contributes vital 

seasonal storage during the transition. Battery storage mainly plays a role in 

providing diurnal storage, as indicated in Figure A3.10. 
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Figure A3.10: State of charge for battery storage (left) and gas storage (right) in 2050 for Andhra Pradesh.

Gas storage mainly plays a role in providing seasonal storage, which is especially 

needed in the monsoon and winter seasons when the solar resource is at its 

lowest. The gas storage discharges slowly over the monsoon and winter periods 

and is completely discharged by the end of winter, as can be observed in Figure 

A3.10. Some hydropower reservoirs provide complementarity with solar and wind 

but are used mainly for seasonal balancing.
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System outlook

The power system in Andhra Pradesh has distinctive operational characteristics, 

which vary according to the seasonal pattern. This is highlighted by a summer 

week in 2050 (see Figure A3.11) and monsoon week in 2050 (see Figure A3.12). 

Figure A3.11: Time series of the power system in Andhra Pradesh during a best solar week in 2050.

During the summer period, solar PV and low shares of complementary wind 

energy are the main electricity generation sources. Batteries are used daily, 

charging during the day and discharging during the evening and night to meet 

peak consumption, as highlighted in Figure A3.11. 

During the monsoon period, solar PV generation decreases along with wind 

generation and a combination of technologies becomes the main source of 

electricity generation. Some shares of dispatchable bioenergy and hydropower 

compensate for the lack of solar PV and wind generation. Reciprocating gas 

engines are utilised in periods of low generation, especially in the beginning of the 

week when wind generation is low and when solar generation is also low in the 

middle and end of the week, as shown in Figure A3.12.
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Figure A3.12: Time series of the power system in Andhra Pradesh during a worst solar week in 2050.

Costs and investments 

As indicated in Figure A3.13, capex increases during the transition, with wind 

initially and later solar and batteries being dominant. 
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Figure A3.13: Capital expenditures for five-year intervals (left) and levelised cost of electricity (right) during the 
energy transition from 2015 to 2050 in Andhra Pradesh.
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The levelised cost of electricity declines from around 70 €/MWh in 2020 to 

around 48 €/MWh by 2050 (see Figure A3.13) and is increasingly dominated 

by capital costs as fuel costs continue to decline through the transition period, 

which could mean increased self-reliance in terms of energy for Andhra Pradesh 

by 2050. Capital costs are distributed across a range of technologies with major 

investments in solar PV, wind energy, batteries and gas storage up to 2050, as 

shown in Figure A3.13.

The steady increase in capex-related energy system costs indicates that fuel 

imports from other states across the country and the respective negative impacts 

on trade balances will fade during the transition.

GHG emissions

The results of the power system transition in Andhra Pradesh indicate that GHG 

emissions can be reduced from 48 MtCO2eq in 2020 to zero by 2050 across 

the power sector, as shown in Figure A3.14. The CO2eq intensity of electricity 

generation rapidly declines during the transition, enabled by the phase-out of 

fossil-based power plants, which indicates a deep defossilisation by 2030 (see 

Figure A3.14).
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Figure A3.14: GHG emissions from the power sector during the energy transition from 2020 to 2050 in 
Andhra Pradesh.

The presented 100% RE scenario for the power sector of Andhra Pradesh is 

compatible with the goals of the Paris Agreement and will enable India to meet 

its commitments and take a leadership role. A deep defossilisation of the power 

sector is possible by 2030, and a steady decline in emissions is possible up to 

2050.
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A4. KARNATAKA
The state of Karnataka, which is part of the southern grid in the Indian power 

system (see Figure A4.1), has undergone rapid urbanisation led by one of the first 

IT hubs in the country and has a growing energy demand. It is modelled to be 

self-sufficient in terms of meeting its future power demand as part of this research. 

Furthermore, no imports or exports with other neighbouring states are considered. 

It is also assumed that the existing network of AC lines, mainly for distribution of 

electricity within Karnataka, will provide electricity to all consumers in the future.

Figure A4.1: Karnataka within the regional setup of India.

Historically, the power sector in Karnataka has relied on coal-based generation 

and hydropower to satisfy the growing electricity demand across the state. In 

recent times, significant growth in the share of installed capacity of renewables 

has been observed, and Karnataka is now among the leading states in the 

country in terms of renewables (see Figure A4.2). As indicated in Figure A4.2, 

coal still accounts for around 42% of the electricity; however the capacity factors, 

or alternately the Full Load Hours (FLH), of coal power plants across the country 

have been decreasing on a year-on-year basis. In addition, several of these plants 

are in financial distress. Air pollution has increasingly become a national problem 

causing adverse health impacts and negative economic consequences. The huge 

water requirements of coal power plants are causing increased levels of water 
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stress and competing with irrigation demand for agriculture. These challenges 

indicate that the trend of growing the capacity addition of renewables is expected 

to continue and is required to be accelerated to meet India’s ambitious climate 

targets. 
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Figure A4.2: Resource-based electricity generation capacities (left) and generation share (right) of the 
Karnataka power sector in 2020.

Demand

The cumulative average annual growth rate of electricity consumption is about 

4.9% during the energy transition period from 2015 to 2050 compared to the 7% 

average growth rate of electricity demand across the country in recent times. The 

population of Karnataka is expected to grow from 70 million in 2020 to 86 million 

by 2050, while the average per capita electricity demand rises from 1.3 MWh in 

2020 to 3.9 MWh by 2050, as indicated in Figure A4.3.

Load profile 2050

    49 GW load maximum
    23 GW load minimum
    38 GW load average
   336 TWh energy consumption

50 100 150 200 250 300 350
Day of the year

2

4

6

8

10

12

14

16

18

20

22

24

Ti
m

e 
of

 d
ay

 (U
TC

 +
6)

 20% 

 40% 

 60% 

 80% 

100% 

2020 2030 2040 2050
Year

0

2

4

6

8

10

El
ec

tri
ci

ty
 c

on
su

m
pt

io
n 

pe
r c

ap
ita

[M
W

h/
pe

rs
on

]

65

70

75

80

85

90
Po

pu
la

tio
n 

[m
illi

on
]

Electricity consumption per capita  [MWh/person]
Average electricity consumption per capita for OECD countries [MWh/person]
Population [million]

Figure A4.3: Annual distribution of the hourly load profile in 2050 (left) and development of the per capita 
electricity consumption (right) during the energy transition from 2015 to 2050 in Karnataka.
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The electricity demand is assumed to increase from 94 TWh in 2015 to around 

336 TWh by 2050. The load profile in 2050 will be different for the centralised 

system due to partial load covering by prosumers, as shown in Figure A4.3. 

However, the seasonal variations in demand in Karnataka are clearly evident, with 

peaks in the summer and pre-monsoon seasons.

Resource

The resource of solar PV and wind, which are the most relevant sources in the 

energy transition across Karnataka, are highlighted in Figure A4.4. Solar PV is 

more evenly distributed throughout the state, with high potential in the northern 

regions, while the wind potential is mainly concentrated in the central regions of 

the state along the wind corridors; some offshore wind potential in the western 

coast is evident, as highlighted in Figure A4.4.
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Figure A4.4: Regional distribution of capacity factors/full load hours for solar PV (left) and wind energy (right) 
across Karnataka. The wind capacity factor/full load hours shown are for 2035 and beyond.

The capacity factors for the wind energy generation potential are taken from 

Bloomberg projections for the whole of India, which increase from 29% in 2020 to 

36% in 2035. The best sites have maximum capacity factors of 48% (about 4200 

FLH) in 2035. Beyond 2035, the same capacity factor/FLH is assumed until 2050.

The annual variations in aggregated hourly generation profiles of solar PV 

and wind are shown in Figure A4.5. Wind energy generation is predominant 

in the monsoon months and overcomes the solar resource unavailability and 

complements perfectly in periods of low solar radiation; solar PV on the other 

hand is more evenly distributed through the year, as shown in Figure A4.5.
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Figure A4.5: Annual distribution of the hourly generation profile for solar PV (left) and wind energy (right) in 
Karnataka.

The monthly averaged resource availability throughout the year for solar PV and 

wind is highlighted in Figure A4.6. The seasonal complementary nature of solar 

PV and wind energy is clearly evident and ensures that demand, which is rather 

stable through the year, is satisfied. Monthly values are normalised to the highest 

monthly value throughout the year.
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Figure A4.6: Annual distribution of the monthly average electricity generation profiles for solar PV and wind 
energy, and the demand profile in Karnataka in 2050.
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Electricity

The electricity generation capacity in Karnataka satisfies demand from the power 

sector. The total installed capacity grows massively from about 22 GW in 2020 

to around 240 GW by 2050 as shown in Figure A4.7. In the initial period of the 

transition, a larger share of wind and hydropower capacities are installed up 

to 2025, but in the later part of the transition solar PV dominates the shares of 

installed capacities, reaching almost 180 GW by 2050. On the other hand, the 

share of fossil fuels and nuclear energy declines during the transition, with installed 

capacities of coal at risk of becoming stranded assets and having very low full 

load hours during the transition years as the share of renewables increases. 

Reciprocating gas engines are increasingly installed from 2025 onwards to provide 

flexibility to the system, which is already 70% renewable based.
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Figure A4.7: Installed capacities by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Karnataka.

As shown in Figure A4.8, the share of coal in electricity generation increases in 

2020 in order to provide the electricity needed to meet the increasing power 

demand, as coal is cheaper than gas and oil. Beyond 2020, the share of coal 

continues to drop as the share of wind energy (19%) in 2025 and then solar PV 

(50%) in 2030 increase in the total electricity generation as they become more 

cost competitive (see Figure A4.8). Reciprocating gas engines have a share of 

1.8% in electricity generation in 2050, mainly driven by their higher efficiency and 

lower cost, while having FLH of over 1250, mainly utilised for peak supply and 

balancing. The fuel mix for reciprocating gas engines develops from 100% fossil 

gas in 2020 to 90% synthetic natural gas and 10% biomethane in 2050.



White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021	 63

2020 2030 2040 2050
Year

0

100

200

300

400

El
ec

tri
ci

ty
 g

en
er

at
io

n 
[T

W
h]

PV
Wind
Hydro
Biomass/Waste
ICE
OCGT
CCGT
Coal
Nuclear
Other

2020 2030 2040 2050
Year

0

0.2

0.4

0.6

0.8

1

R
el

at
iv

e 
el

ec
tri

ci
ty

 g
en

er
at

io
n 

[-]

PV
Wind
Hydro
Biomass/Waste
ICE
OCGT
CCGT
Coal
Nuclear
Other

Figure A4.8: Electricity generation by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Karnataka.

Storage

Energy storage technologies play a critical role in enabling a secure energy supply 

in the power sector of Karnataka, which by 2050 is fully based on renewable 

energy. The installed electricity storage capacity increases from just 0.2 TWh 

in 2030 to around 8 TWh by 2050, as shown in Figure A4.9. Utility-scale and 

prosumer batteries, with major shares of gas storage, are installed during the 

transition. Utility-scale and prosumer batteries contribute a major share of the 

electricity storage output with more than 99% by 2050, as highlighted by Figure 

A4.9. Storage output covers about 37% of the electricity demand in 2050.
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Figure A4.9: Installed electricity storage capacities (left) and electricity storage output (right) during the energy 
transition from 2015 to 2050 in Karnataka.
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Gas storage, which is synthetic natural gas produced through the power-to-gas 

process, has large capacities and fewer operating hours as it contributes vital 

seasonal storage during the transition. Battery storage mainly plays a role in 

providing diurnal storage, as indicated in Figure A4.10. 
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Figure A4.10: State of charge for battery storage (left) and gas storage (right) in 2050 for Karnataka.

Gas storage mainly plays a role in providing seasonal storage, which is especially 

needed in the monsoon season, when the solar resource is at its lowest. The gas 

storage discharges slowly over the monsoon period and is completely discharged 

by the end of winter, as can be observed in Figure A4.10. Some hydropower 

reservoirs provide complementarity with solar and wind but are used mainly for 

seasonal balancing.



White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021	 65

System outlook

The power system in Karnataka has distinctive operational characteristics, which 

vary according to the seasonal pattern. This is highlighted by a summer week in 

2050 (see Figure A4.11) and a monsoon week in 2050 (see Figure A4.12). During 

the summer period, solar PV and low shares of complementary wind energy are 

the main electricity generation sources. Batteries are used daily, charging during 

the day and discharging during the evening and night to meet peak consumption, 

as highlighted in Figure A4.11. 

Figure A4.11: Time series of the power system in Karnataka during a best solar week in 2050.

During the monsoon period, solar PV generation decreases while wind and 

hydropower generation increase and become the main source of electricity 

generation. A share of dispatchable bioenergy compensates for the lack of solar 

PV and wind generation. Reciprocating gas engines are utilised in periods of 

low generation, especially in the beginning of the week when wind generation is 

low and when solar generation is also low in the middle and end of the week, as 

shown in Figure A4.12.
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Figure A4.12: Time series of the power system in Karnataka during a worst solar week in 2050.

Costs and investments 

As indicated in Figure A4.13, capex increases during the transition, with wind 

initially and later solar and batteries being dominant. 
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Figure A4.13: Capital expenditures for five-year intervals (left) and levelised cost of electricity (right) during the 
energy transition from 2015 to 2050 in Karnataka.
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The levelised cost of electricity declines from around 65 €/MWh in 2020 to around 

41 €/MWh by 2050 (see Figure A4.13) and is increasingly dominated by capital 

costs as fuel costs continue to decline during the transition period, which could 

mean increased self-reliance in terms of energy for Karnataka by 2050. Capital 

costs are divided across a range of technologies, with major investments in solar 

PV, wind energy, batteries and gas storage up to 2050, as shown in Figure A4.13.

The steady increase in capex-related energy system costs indicates that fuel 

imports from other states across the country and the respective negative impacts 

on trade balances will fade during the transition.

GHG emissions

The results of the power system transition in Karnataka indicate that GHG 

emissions can be reduced from 38 MtCO2eq in 2020 to zero by 2050 across 

the power sector, as shown in Figure A4.14. The CO2eq intensity of electricity 

generation rapidly declines during the transition, enabled by the phase-out of 

fossil-based power plants, which indicates a deep defossilisation by 2030 (see 

Figure A4.14).
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Figure A4.14: GHG emissions from the power sector during the energy transition from 2020 to 2050 in 
Karnataka.

The presented 100% RE scenario for the power sector of Karnataka is 

compatible with the goals of the Paris Agreement and will enable India to meet 

its commitments and take a leadership role. A deep defossilisation of the power 

sector is possible by 2030, and a steady decline in emissions is possible beyond 

2030 up to 2050.
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A5. TAMIL NADU
The state of Tamil Nadu, which is part of the southern grid in the Indian power 

system (see Figure A5.1), is one of the most industrialised states in the country 

and has a growing energy demand. It is modelled to be self-sufficient in terms of 

meeting its future power demand as part of this research. Furthermore, no imports 

or exports with other neighbouring states are considered. It is also assumed that 

the existing network of AC lines, mainly for distribution of electricity within Tamil 

Nadu, will provide electricity to all consumers in the future.

Figure A5.1: Tamil Nadu within the regional setup of India.

Historically, the power sector in Tamil Nadu has relied on coal-based generation 

and nuclear power to satisfy the growing electricity demand across the state. In 

recent times, significant growth in the share of installed capacity of renewables 

has been observed, and Tamil Nadu is now among the leading states in the 

country in terms of wind power installations (see Figure A5.2). As indicated in 

Figure A5.2, coal still accounts for around 51% of the electricity; however the 

capacity factors, or alternately the Full Load Hours (FLH), of coal power plants 

across the country have been decreasing on a year-on-year basis. In addition, 

several of these plants are in financial distress. Air pollution has increasingly 

become a national problem causing adverse health impacts as well as negative 

economic consequences. The huge water requirements of coal power plants are 



White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021	 69

causing increased levels of water stress and competing with irrigation demand 

for agriculture. These challenges indicate that the trend of growing the capacity 

addition of renewables is expected to continue and is required to be accelerated 

to meet India’s ambitious climate targets. 
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Figure A5.2: Resource-based electricity generation capacities (left) and generation share (right) of the Tamil 
Nadu power sector in 2020.

Demand

The cumulative average annual growth rate of the electricity consumption is about 

4.9% during the energy transition period from 2015 to 2050 compared to a 7% 

average growth rate of electricity demand across the country in recent times. 

The population of Tamil Nadu is expected to grow from 84 million in 2020 to 103 

million by 2050, while the average per capita electricity demand rises from 1.8 

MWh in 2020 to 5.2 MWh by 2050, as indicated in Figure A5.3. 
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Figure A5.3: Annual distribution of the hourly load profile in 2050 (left) and development of the per capita 
electricity consumption (right) during the energy transition from 2015 to 2050 in Tamil Nadu.
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The electricity demand is assumed to increase from 147 TWh in 2020 to around 

524 TWh by 2050. The load profile in 2050 will be different for the centralised 

system due to partial load covering by prosumers, as shown in Figure A5.3. 

However, the seasonal variations in demand in Tamil Nadu are quite evident, with 

peaks in the summer and the pre monsoon seasons.

Resource

The resource of solar PV and wind, which are the most relevant sources in the 

energy transition across Tamil Nadu, are highlighted in Figure A5.4. Solar PV is 

more evenly distributed throughout the state, with high potential in the southern 

regions, while the wind potential is mainly concentrated in the southern and some 

northern regions of the state and indicates high offshore wind potential in the 

south east region, as highlighted in Figure A5.4.
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Figure A5.4: Regional distribution of capacity factors/full load hours for solar PV (left) and wind energy (right) 
across Tamil Nadu. The wind capacity factor/full load hours shown are for 2035 and beyond.

The capacity factors for the wind energy generation potential are taken from 

Bloomberg projections for the whole of India, which increase from 29% in 2020 to 

36% in 2035. The best sites have maximum capacity factors of 48% (about 4200 

FLH) in 2035. Beyond 2035, the same capacity factor/FLH is assumed until 2050.

The annual variations in aggregated hourly generation profiles of solar PV 

and wind are shown in Figure A5.5. Wind energy generation is predominant 

in the monsoon months and overcomes the solar resource unavailability and 

complements perfectly in periods of low solar radiation; solar PV on the other 

hand is more evenly distributed through the year, as shown in Figure A5.5.
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Figure A5.5: Annual distribution of the hourly generation profile for solar PV (left) and wind energy (right) in 
Tamil Nadu.

The monthly averaged resource availability throughout the year for solar PV and 

wind is highlighted in Figure A5.6. The seasonal complementary nature of solar 

PV and wind energy is clearly evident and ensures the demand, which is rather 

stable through the year, is satisfied. In the winter months, both solar and wind 

have low generation profiles and necessitate seasonal storage. Monthly values are 

normalised to the highest monthly value throughout the year.
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Figure A5.6: Annual distribution of the monthly average electricity generation profiles for solar PV and wind 
energy, and the demand profile in Tamil Nadu in 2050.
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Electricity

The electricity generation capacity in Tamil Nadu satisfies demand from the power 

sector through the transition. The total installed capacity grows massively from 

about 30 GW in 2020 to around 370 GW by 2050 as shown in Figure A5.7. In 

the initial period of the transition, a larger share of wind capacities is installed 

up to 2025, but in the later part of the transition solar PV dominates the shares 

of installed capacities, reaching almost 300 GW by 2050. On the other hand, 

the share of fossil fuels and nuclear declines during the transition, with installed 

capacities of coal at risk of becoming stranded assets and having very low full 

load hours during the transition years as the share of renewables increases. 

Reciprocating gas engines are increasingly installed from 2030 onwards to provide 

flexibility to the system, which is already 75% renewable based.
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Figure A5.7: Installed capacities by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Tamil Nadu.

As shown in Figure A5.8, the share of coal in electricity generation increases in 

2020 to provide electricity needed to meet the increasing power demand, as 

coal is cheaper than gas and oil. Beyond 2020, the share of coal continues to 

drop as the share of wind energy (26%) in 2025 and then solar PV (53%) in 2030 

increase in the total electricity generation as they become more cost competitive 

(see Figure A5.8). Reciprocating gas engines have a share of 2.3% in electricity 

generation in 2050, mainly driven by their higher efficiency and lower cost, while 

having FLH of about 1030, mainly utilised for peak supply and balancing. The fuel 

mix for reciprocating gas engines develops from 100% fossil gas in 2020 to 92% 

synthetic natural gas and 8% biomethane in 2050.
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Figure A5.8: Electricity generation by technology (left) and corresponding shares (right) during the energy 
transition from 2015 to 2050 in Tamil Nadu.

Storage

Energy storage technologies play a critical role in enabling a secure energy supply 

in the power sector of Tamil Nadu, which by 2050 is fully based on renewable 

energy. The installed electricity storage capacity increases from just 0.3 TWh 

in 2030 to around 12 TWh by 2050, as shown in Figure A5.9. Utility-scale and 

prosumer batteries, with major shares of gas storage, are installed during the 

transition. Utility-scale and prosumer batteries contribute a major share of the 

electricity storage output with more than 99% by 2050, as highlighted by Figure 

A5.9. Storage output covers 41% of total electricity demand in 2050.
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Figure A5.9: Installed electricity storage capacities (left) and electricity storage output (right) during the energy 
transition from 2015 to 2050 in Tamil Nadu.
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Gas storage, which is synthetic natural gas produced through the power-to-gas 

process, has large capacities and fewer operating hours as it contributes vital 

seasonal storage during the transition. Battery storage mainly plays a role in 

providing diurnal storage, as indicated in Figure A5.10. 
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Figure A5.10: State of charge for battery storage (left) and gas storage (right) in 2050 for Tamil Nadu.

Gas storage mainly plays a role in providing seasonal storage, which is especially 

needed in the monsoon season when the solar resource is at its lowest. The gas 

storage discharges slowly over the monsoon period and is completely discharged 

by the end of winter, as can be observed in Figure A5.10. Some hydropower 

reservoirs provide complementarity with solar and wind but are used mainly for 

seasonal balancing.
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System Outlook

The power system in Tamil Nadu has distinctive operational characteristics, which 

vary according to the seasonal pattern. This is highlighted by a summer week in 

2050 (see Figure A5.11) and a monsoon week in 2050 (see Figure A5.12). During 

the summer period, solar PV and low shares of complementary wind energy are 

the main electricity generation sources. Batteries are used daily, charging during 

the day and discharging during the evening and night to meet peak consumption, 

as highlighted in Figure A5.11. 

Figure A5.11: Time series of the power system in Tamil Nadu during a best solar week in 2050.

During the monsoon period, solar PV generation decreases while wind generation 

increases and becomes the main source of electricity generation. Some shares 

of dispatchable bioenergy and hydropower compensate for the lack of solar PV 

and wind generation. Reciprocating gas engines are utilised in periods of low 

generation, especially in the beginning of the week when wind generation is low 

and when solar generation is also low in the middle and end of the week, as 

shown in Figure A5.12.
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Figure A5.12: Time series of the power system in Tamil Nadu during a worst solar week in 2050.

Costs and investments 

As indicated in Figure A5.13, capex increases during the transition, with wind 

initially and later solar and batteries being dominant. The levelised cost of 

electricity declines from around 72 €/MWh in 2020 to around 47 €/MWh by 2050 

(see Figure A5.13) and is increasingly dominated by capital costs as fuel costs 

continue to decline during the transition period, which could mean increased self-

reliance in terms of energy for Tamil Nadu by 2050. 
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Figure A5.13: Capital expenditures for five-year intervals (left) and levelised cost of electricity (right) during the 
energy transition from 2015 to 2050 in Tamil Nadu.

Capital costs are divided across a range of technologies, with major investments 

in solar PV, wind energy, batteries and gas storage up to 2050, as shown in Figure 

A5.13. The steady increase in capex-related energy system costs indicates that 

fuel imports from other states across the country and the respective negative 

impacts on trade balances will fade out through the transition.

GHG emissions

The results of the power system transition in Tamil Nadu indicate that GHG 

emissions can be reduced from 77 MtCO2eq in 2020 to zero by 2050 across 

the power sector, as shown in Figure A5.14. The CO2eq intensity of electricity 

generation rapidly declines during the transition, enabled by the phase-out of 

fossil-based power plants, which indicates a deep defossilisation by 2035 (see 

Figure A5.14).
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Figure A5.14: GHG emissions from the power sector during the energy transition from 2020 to 2050 in Tamil 
Nadu.
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The presented 100% RE scenario for the power sector of Tamil Nadu is 

compatible with the goals of the Paris Agreement and will enable India to meet 

its commitments and take a leadership role. A deep defossilisation of the power 

sector is possible by 2030, and a steady decline in emissions is possible beyond 

2030 up to 2050.
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B. METHODS
The optimisation model of the energy system is based on a linear optimisation of 

the system parameters under a set of applied constraints with the assumption 

of perfect foresight into RE power generation and power demand. A multi-node 

approach enables the description of any desired configuration of sub-regions and 

power transmission interconnections. The main constraint on the optimisation is 

the matching of all types of generation and demand values for every hour of the 

applied year, and the optimisation criteria is the minimum of the total annual cost 

of the integrated system. While the hourly resolution of the model significantly 

increases the computation time, it guarantees that for every hour of the year the 

total supply within a sub-region covers the local demand and enables a more 

precise system description including the synergy effects of the different system 

components.

The optimisation was performed using a third-party solver. Currently, the main 

option is MOSEK version 8, but other solvers (Gurobi, CPLEX, etc.) also can be 

used. The model is compiled in the matlab environment in LP file format, meaning 

it can be read by most available solvers. After the simulation, results are parsed 

back into matlab data structure and post processed.

Target function

The target of the system optimisation is the minimisation of the total annual cost 

of the integrated system, calculated as the sum of the annual costs of installed 

capacities of the different technologies, costs of energy and product generation 

and production ramping. This target function includes annual costs of the power, 

heating, mobility, desalination and industrial fuel generation sectors. The target 

function of the applied energy model for minimising annual costs is presented 

in Eq.(1) using the abbreviations: sub-regions (r, reg), generation, storage and 

transmission technologies (t, tech), capital expenditures for technology t (CAPEXt), 

capital recovery factor for technology t (crft), fixed operational expenditures for 

technology t (OPEXfixt), variable operational expenditures technology t (OPEXvart), 

installed capacity in the region r of technology t (instCapt,r), annual generation by 

technology t in region r (Egen,t,r), cost of ramping of technology t (rampCostt) and 

sum of power ramping values during the year for the technology t in the region r 
(totRampt,r).

rampCost Eexp,r

reg

The prosumers system is realised in an independent sub-model with a 

slightly different target function. The system is optimised for each sub-region 

independently even if the sub-region is connected to its neighbours within the 

region. The target function includes annual costs of prosumer power generation 

and storage, heating equipment, and the cost of electricity bought from the 

distribution grid; the cost of electricity sold to the distribution grid is deducted 

from the total annual cost. The target function of the applied energy model for 
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minimising annual costs is presented in Eq. (2) using the abbreviations: generation 

and storage technologies (t, tech), capital expenditures for technology t (CAPEXt), 

capital recovery factor for technology t (crft), fixed operational expenditures for 

technology t (OPEXfixt), variable operational expenditures technology t (OPEXvart), 

installed capacity of technology t (instCapt), annual generation by technology t 
(Egen,t), retail price of electricity (elCost), feed-in price of electricity (elFeedIn), annual 

amount of electricity bought from the grid (Egrid), annual amount of electricity sold 

to the grid (Ecurt).

rampCost Eexp,r

reg

Energy balance constraints

The main constraint for the power sector optimisation is the matching of the 

power generation and demand for every hour of the applied year; for every hour 

of the year the total generation within a sub-region and electricity import cover the 

local electricity demand.

rampCost Eexp,r

reg

Eq. (3) describes the constraints on the energy flows of a sub-region. 

Abbreviations: hours (h), technology (t), all modelled power generation 

technologies (tech), sub-region (r), all sub-regions (reg), electricity generation (Egen), 

electricity import (Eimp), storage technologies (stor), electricity from discharging 

storage (Estor,disch), electricity demand (Edemand), electricity exported (Eexp), electricity for 

charging storage (Estor,ch), electricity consumed by other sectors (heating, mobility 

desalination, industrial fuel production) (Eother), curtailed excess energy (Ecurt). The 

energy loss in the high voltage direct current (HVDC) and alternating current 

(HVAC) transmission grids and energy storage technologies are considered in 

storage discharge and grid import value calculations.

Apart from this, various financial and technical assumptions that are utilised for the 

cost optimisation of the model are presented in the next section.
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C. TECHNICAL AND FINANCIAL ASSUMPTIONS
The following tables show the various technical and financial assumptions that 

were factored into the modelling of the energy transition scenarios.

Technology Unit 2015/ 
2017

2020 2025 2030 2035 2040 2045 2050 Ref

PV rooftop - 
residential

Capex €/kWel 1360 1045 842 715 622 551 496 453

16
Opex fix €/(kWel a) 20.4 9.1 7.7 6.7 5.9 5.3 4.8 4.4

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Lifetime years 30 30 35 35 35 40 40 40

PV rooftop - 
commercial

Capex €/kWel 1360 689 544 456 393 345 308 280

16
Opex fix €/(kWel a) 20.4 9.1 7.7 6.7 5.9 5.3 4.8 4.4

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Lifetime years 30 30 35 35 35 40 40 40

PV rooftop - 
industrial

Capex €/kWel 1360 512 397 329 281 245 217 197

16
Opex fix €/(kWel a) 20.4 9.1 7.7 6.7 5.9 5.3 4.8 4.4

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Lifetime years 30 30 35 35 35 40 40 40

PV optimally 
tilted

Capex €/kWel 733 432 336 278 237 207 184 166

16.18
Opex fix €/(kWel a) 9.3 7.8 6.5 5.7 5 4.5 4 3.7

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Lifetime years 30 30 35 35 35 40 40 40

PV single-axis 
tracking

Capex €/kWel 1150 475 370 306 261 228 202 183

16.43
Opex fix €/(kWel a) 17.3 9 7 6 6 5 4 4

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Lifetime years 30 30 35 35 35 40 40 40

Wind onshore Capex €/kWel 800 800 783.3 767 749 749 749 749

16.18
Opex fix €/(kWel a) 15 15 13 11 8 8 8 8

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Lifetime years 25 25 25 25 25 25 25 25

Wind offshore Capex €/kWel 2061 2003 1995 1979 1909 1896 1899 1897

Opex fix €/(kWel a) 67.7 59.9 50.2 41.2 29.4 28.5 25.4 23.1

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Lifetime years 20 25 25 25 25 25 25 25

Hydro 
reservoir/
Dam

Capex €/kWel 1650 1650 1650 1650 1650 1650 1650 1650

21
Opex fix €/(kWel a) 49.5 49.5 49.5 49.5 49.5 49.5 49.5 49.5

Opex var €/(kWhel) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

Lifetime years 50 50 50 50 50 50 50 50

Hydro run-of-
river

Capex €/kWel 2560 2560 2560 2560 2560 2560 2560 2560

21
Opex fix €/(kWel a) 76.8 76.8 76.8 76.8 76.8 76.8 76.8 76.8

Opex var €/(kWhel) 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

Lifetime years 50 50 50 50 50 50 50 50

Geothermal 
power

Capex €/kWel 5250 4970 4720 4470 4245 4020 3815 3610

21.28

Opex fix €/(kWel a) 80 80 80 80 80 80 80 80

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9

Lifetime years 40 40 40 40 40 40 40 40

Table C1: Technical and financial assumptions of energy system technologies used in the energy transition from 2015 to 2050. 
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Technology Unit 2015/ 
2017

2020 2025 2030 2035 2040 2045 2050 Ref

Coal PP Capex €/(kWel) 867 934 1045 1156 1267 1378 1489 1600

17

Opex fix €/(kWel a) 24 23.6 23 22.4 21.8 21.2 20.6 20

Opex var €/(kWh) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Efficiency % 32 42 42 42 43 43 43 43

Lifetime years 40 40 40 40 40 40 40 40

Nuclear PP Capex €/(kWel) 4511 4571 4672 4773 4874 4974 5075 5175

44–46

Opex fix €/(kWel a) 85 86.1 88 83 84.8 79.3 80.9 78.8

Opex var €/(kWhel) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

Efficiency % 34 34 34 35 35 35 35 35

Lifetime years 40 40 40 40 40 40 40 40

CCGT Capex €/(kWel) 623 637 660 683 706 729 752 775

17.19

Opex fix €/(kWel a) 23.44 23.1 22.5 21.9 21.3 20.7 20 19.375

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 52.2 52.2 52.2 52.2 53.1 54 54 54

Lifetime years 35 35 35 35 35 35 35 35

OCGT HD Capex €/(kWel) 450 445 440 435 430 425 420 415

17.19

Opex fix €/(kWel a) 23.4 11.3 10.6 9.9 9.2 8.5 7.8 7.1

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 28 30 33 35 38 40 43 45

Lifetime years 35 35 35 35 35 35 35 35

Open cycle 
Aero- 
derivative

Capex €/(kWel) 550 540 530 520 510 500 490 480

Opex fix €/(kWel a) 11.3 11.3 10.6 9.9 9.2 8.5 7.8 7.1

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 0.39 0.4 0.42 0.42 0.43 0.44 0.45 0.45

Lifetime years 35 35 35 35 35 35 35 35

RECIP oil 
based

Capex €/(kWel) 385 385 385 385 385 385 385 385

47

Opex fix €/(kWel a) 11.5 11.5 11.5 11.5 11.5 11.5 11.5 11.5

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 28 28 28 28 29 29 30 30

Lifetime years 20 20 20 20 20 20 20 20

RECIP gas Capex €/(kWel) 578.5 569 553 537 522 506 491 475

Opex fix €/(kWel a) 15.3 15.3 14.6 13.9 13.2 12.5 11.8 11.1

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 0.47 0.48 0.48 0.49 0.49 0.5 0.5 0.51

Lifetime years 30 30 30 30 30 30 30 30

Biomass PP Capex €/(kWel) 760 857 1019 1181 1343 1505 1668 1830

16.18

Opex fix €/(kWel a) 53.3 51.5 48.4 45.3 42.2 39.1 36 32.9

Opex var €/(kWhel) 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

Efficiency % 35 36 37 37 38 38 39 39

Lifetime years 25 25 25 25 25 25 25 25

Steam turbine 
(CSP)

Capex €/(kWel) 760 740 720 700 670 640 615 600

Opex fix €/(kWel a) 15.2 14.8 14.4 14 13.4 12.8 12.3 12

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 37.2 38.3 40.3 43 43 43 43 43

Lifetime years 25 25 25 25 30 30 30 30
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Technology Unit 2015/ 
2017

2020 2025 2030 2035 2040 2045 2050 Ref

CHP biogas Capex €/kWel 1580 1463 1269 1074 880 685 491 296

16.18

Opex fix €/(kWel a) 70.4 65.1 56.2 47.3 38.4 29.5 20.7 11.84

Opex var €/(kWhel) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Efficiency elec. % 33 34 37 40 42 44 44 45

Efficiency heat % 41.9 43 46.5 50 52.3 54.7 54.7 54.7

Lifetime years 30 30 30 30 30 30 30 30

Waste 
incinerator

Capex €/kWel 5940 5630 5440 5240 5030 4870 4690 4540

21

Opex fix €/(kWel a) 267.3 253.4 244.8 235.8 226.4 219.2 211.1 204.3

Opex var €/(kWhel) 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007

Efficiency elec. % 24 26 26 26 26 26 26 26

Efficiency heat % 65.5 71 71 71 71 71 71 71

Lifetime years 30 30 30 30 30 30 30 30

Biogas 
digester

Capex €/kWth 771 731 706 680 653 632 609 589

48
Opex fix €/(kWth a) 30.8 29.2 28.2 27.2 26.1 25.3 24.3 23.6

Opex var €/(kWhth) 0 0 0 0 0 0 0 0

Lifetime years 20 20 20 20 25 25 25 25

Biogas 
upgrade

Capex €/kWth 340 290 270 250 230 220 210 200

48

Opex fix €/(kWth a) 27.2 23.2 21.6 20 18.4 17.6 16.8 16

Opex var €/(kWhth) 0 0 0 0 0 0 0 0

Efficiency % 98 % 98 % 98 % 98 % 98 % 98 % 98 % 98 %

Lifetime years 20 20 20 20 25 25 25 25

CSP (solar 
field. 
parabolic 
trough)

Capex €/kWth 438.3 344.5 303.6 274.7 251.1 230.2 211.9 196

26.27

Opex fix €/(kWth a) 10.1 7.9 7 6.3 5.8 5.3 4.9 4.5

Opex var €/(kWhth) 0 0 0 0 0 0 0 0

Lifetime years 25 25 25 25 25 25 25 25

Opex var €/(kWhth) 0 0 0 0 0 0 0 0

Efficiency % 95 95 95 95 95 95 95 95

Lifetime years 22 22 22 22 22 22 22 22

Water 
electrolysis

Capex €/kWH2 800 685 500 363 325 296 267 248

29.30

Opex fix €/(kWH2 a) 32 27 20 12.7 11.4 10.4 9.4 8.7

Opex var €/(kWhH2) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Efficiency % 84 84 84 84 84 84 84 84

Lifetime years 30 30 30 30 30 30 30 30

Methanation Capex €/kWCH4 547 502 368 278 247 226 204 190

Opex fix €/(kWCH4 a) 25.16 23.09 16.93 12.79 11.36 10.4 9.38 8.74

29.30

Opex var €/(kWhCH4) 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

Efficiency % 77 77 77 77 77 77 77 77

CO2 input kgCO2/kWhth 0.178 0.178 0.178 0.178 0.178 0.178 0.178 0.178

Lifetime years 30 30 30 30 30 30 30 30

CO2 direct air 
capture

Capex €/tCO2 a 1000 730 493 335 274.4 234 210.6 195

49

Opex fix €/tCO2 a 40 29.2 19.7 13.4 11 9.4 8.4 7.8

Opex var €/tCO2 0 0 0 0 0 0 0 0

Elec. cons kWhel/tCO2 250 242 236 225 214 203 192 182

Heat cons kWhth/tCO2 1750 1670 1590 1500 1393 1286 1194 1102

Lifetime years 20 20 30 30 30 30 30 30
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Technology Unit 2015/ 
2017

2020 2025 2030 2035 2040 2045 2050 Ref

Fischer-
Tropsch unit

Capex €/kWFTLiq. output 947 947 947 947 947 852.3 852.3 852.3

50

Opex fix €/kWFTLiq. output 28.41 28.41 28.41 28.41 28.41 25.57 25.57 25.57

Opex var €/kWFTLiq. output 0 0 0 0 0 0 0 0

Efficiency % 0.634 0.634 0.634 0.634 0.634 0.634 0.634 0.634

CO2 input kgCO2/kWhth 0.284 0.284 0.284 0.284 0.284 0.284 0.284 0.284

Lifetime years 30 30 30 30 30 30 30 30

Battery 
storage

Capex €/kWhel 400 270 182 134 108 92 78 70

51

Opex fix €/(kWhel a) 24 9 5 3.8 3 2.5 2.1 1.9

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 90 91 92 93 94 95 95 95

Lifetime years 15 20 20 20 20 20 20 20

PHES Capex €/kWhel 89 89 89 89 89 89 89 89

Opex fix €/(kWhel a) 1 1 1 1 1 1 1 1

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 85 85 85 85 85 85 85 85

Self-discharge %/h 0 0 0 0 0 0 0 0

Lifetime years 50 50 50 50 50 50 50 50

A-CAES Capex €/kWhel 80.4 80.4 70.7 63.3 59 56.2 52.4 49.2

Opex fix €/(kWhel a) 1 1 1 1 1 1 1 1

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 54 59 65 70 70 70 70 70

Self-discharge %/h 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Lifetime years 40 55 55 55 55 55 55 55

Gas storage Capex €/kWhel 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Opex fix €/(kWhel a) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Opex var €/(kWhel) 0 0 0 0 0 0 0 0

Efficiency % 100 100 100 100 100 100 100 100

Self-discharge %/h 0 0 0 0 0 0 0 0

Lifetime years 50 50 50 50 50 50 50 50

Hydrogen 
storage

Capex €/kWhth 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24

52

Opex fix €/(kWhth a) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Opex var €/(kWhth) 0 0 0 0 0 0 0 0

Efficiency % 100 100 100 100 100 100 100 100

Self-discharge %/h 0 0 0 0 0 0 0 0

Lifetime years 15 15 15 15 15 15 15 15

CO2 storage Capex €/ton 142 142 142 142 142 142 142 142

53

Opex fix €/(ton a) 9.94 9.94 9.94 9.94 9.94 9.94 9.94 9.94

Opex var €/ton 0 0 0 0 0 0 0 0

Efficiency % 100 100 100 100 100 100 100 100

Self-discharge %/h 0 0 0 0 0 0 0 0

Lifetime years 30 30 30 30 30 30 30 30
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Table C2: Ramping costs for power generation technologies. Data adopted from Deutsches Institut für Wirtschaftsforschung 54 .

Technology Unit

Geothermal power €/MW 0

Coal PP €/MW 54.3

Nuclear PP €/MW 54.3

CCGT €/MW 25

OCGT €/MW 22.9

Internal combustion generator €/MW 0

Biomass PP €/MW 54.3

Steam turbine (CSP) €/MW 0

CHP biogas €/MW 22.9

Waste incinerator €/MW 54.3

Table C3: Financial assumptions for the fossil-nuclear fuel prices and GHG emission cost. The referenced values are valid until 2040 and are assumed to be stable for 
later periods (fuels) or are assumed to further increase in order to match the goals of the Paris Agreement (GHG emissions).

Name of component Unit 2015/ 
2017

2020 2025 2030 2035 2040 2045 2050 Ref.

Coal €/MWhth 9.9 9.9 10.8 11.8 13.1 14.3 14.3 14.3 55

Fuel oil €/MWhth 101.1 101.1 114.3 127.5 126 124.9 124.9 124.9 56.57

Fossil gas €/MWhth 36.1 36.1 48.8 53.2 58.8 65.4 65.4 65.4 57.58

Uranium €/MWhth 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 46

GHG emissions €/tCO2eq 9 28 52 61 68 75 100 150 59

WACC 11.00 % 11.00 % 9.70 % 8.50 % 7.00 % 7.00 % 7.00 % 7.00 % 60

GHG emissions by fuel type 
tCO2eq/MWhth

Coal 61 Oil 61 Fossil gas 62

0.34 0.25 0.21

Table C4: Efficiency assumptions for HVAC and HVDC transmission lines 63.

Component Power losses

HVAC line 9.4 % / 1000 km

HVDC line 1.6 % / 1000 km

HVDC converter pair 1.40 %
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Table C5: Financial and technical assumptions for HVAC and HVDC transmission lines. 

Unit 2015/ 
2017

2020 2025 2030 2035 2040 2045 2050

HVDC 
transmission 
line Blend: 
30% 
overhead. 
70% cable

Capex €/(kW*km) 0.92 0.92 0.92 0.92 0.92 1.05 1.05 1.05

Opex fix €/(kW*km) 0 0 0 0 0 0 0 0

Opex var €/(kWh*km) 0 0 0 0 0 0 0 0

Lifetime year 50 50 50 50 50 50 50 50

Efficiency Per 1000 km 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98

HVDC 
transmission 
line (cable)

Capex €/(kW*km) 1.23 1.23 1.23 1.23 1.23 1.37 1.37 1.37

Opex fix €/(kW*km) 0 0 0 0 0 0 0 0

Opex var €/(kWh*km) 0 0 0 0 0 0 0 0

Lifetime year 50 50 50 50 50 50 50 50

Efficiency Per 1000 km 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98

HVDC 
transmission 
line 
(overhead)

Capex €/(kW*km) 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3

Opex fix €/(kW*km) 0 0 0 0 0 0 0 0

Opex var €/(kWh*km) 0 0 0 0 0 0 0 0

Lifetime year 50 50 50 50 50 50 50 50

Efficiency Per 1000 km 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98

HVAC 
transmission 
line 
(overhead)

Capex €/(kW*km) 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46

Opex fix €/(kW*km) 0 0 0 0 0 0 0 0

Opex var €/(kWh*km) 0 0 0 0 0 0 0 0

Lifetime year 50 50 50 50 50 50 50 50

Efficiency Per 1000 km 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91

Converter 
stations pair - 
HVDC

Capex €/(kW) 150 150 150 150 150 180 180 180

Opex fix €/(kW) 1.5 1.5 1.5 1.5 1.5 1.8 1.8 1.8

Opex var €/(kWh*a) 0 0 0 0 0 0 0 0

Lifetime year 50 50 50 50 50 50 50 50

Efficiency 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99

Long-term exchange rate used: 1 € = 75 INR.
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The way forward

The findings of this research show that India can be completely powered by 

renewable energy, storage and other flexible sustainable technologies by 2050. 

Solar PV based electricity emerges as the primary resource for the Indian power 

sector in 2050 as costs continue to decline, eventually delivering the lowest-cost 

electricity. Therefore, policies at national and individual state level for solar PV 

adoption have to be enhanced along with an exclusive push for the prosumer 

segment. The cost benefits are clearly evident from this research, with national 

average LCOE at around 39 €/MWh for 100% RE in 2050 compared to the total 

LCOE of 75 €/MWh (including GHG emissions costs) in 2020. To achieve long-

term benefits, investments in storage and better transmission and distribution 

grids along with flexible power plants are crucial.

As the results of the interconnected pan-India energy transition and energy 

transition in individual states as isolated power systems highlights that 

transmission over a larger geographical area plays an important role in a fully 

renewable energy system. It enables access to resources distributed across the 

country and allows for optimal operation and stability of the system. This entails 

the need for investments in strong regional and interstate grids that will reduce 

curtailment and enable a smooth transition across the Indian power system.

The results indicate that full load hours (capacity factors/utilisation) of coal power 

plants across the country are in continual decline due to their increasing economic 

infeasibility, which suggests that coal phase-out and divestment strategies at both 

state and federal level have to be undertaken to enable the transition of the power 

sector. 

Batteries and reciprocating gas engines must be supported to provide crucial 

flexibility for the future power system dominated by solar PV and wind energy. 

As the results indicate, the fuel mix for reciprocating gas engines transitions from 

100% fossil gas in 2020 to 85% synthetic natural gas (from renewable electricity) 

and 15% biomethane in 2050. Therefore, efforts to support the production of 

synthetic fuels from renewable electricity must be initiated. Advanced energy 

system models must be adopted for enhanced energy planning and policy 

making, capturing the new solar age trends of flexibility, storage and sector 

coupling for the future power system of the country.



88	 White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021

1.	 Climate Action Tracker. Pledges And Targets - India. Cologne, Berlin; 2019. https://climateactiontracker.org/
countries/india/pledges-and-targets/. Accessed August 29, 2020.

2.	 The Economic Times. India to Have 450 GW Renewable Energy by 2030: President. New Delhi; 2020. https://
economictimes.indiatimes.com/small-biz/productline/power-generation/india-to-have-450-gw-renewable-
energy-by-2030-president/articleshow/73804463.cms. Accessed August 29, 2020.

3.	 Institute for Energy Economics and Financial Analysis (IEEFA) and Applied Economics Clinic. Risks Growing for 
India ’ s Coal Sector Over-Capacity , Water Shortages And. Cleveland; 2019.

4.	 Kilickaplan A, Bogdanov D, Peker O, Caldera U, Aghahosseini A, Breyer C. An energy transition pathway for 
Turkey to achieve 100% renewable energy powered electricity, desalination and non-energetic industrial gas 
demand sectors by 2050. Sol Energy. 2017;158:218-235. doi:10.1016/j.solener.2017.09.030.

5.	 Bogdanov D, Breyer C. North-East Asian Super Grid for 100% renewable energy supply: Optimal mix of 
energy technologies for electricity, gas and heat supply options. Energy Convers Manag. 2016;112:176-190. 
doi:10.1016/j.enconman.2016.01.019.

6.	 Keiner D, Breyer C. Modelling of PV Prosumers using a stationary battery, heat pump, thermal energy 
storage and electric vehicle for optimizing self-consumption ratio and total cost of energy. In: 33rd European 
Photovoltaic Solar Energy Conference, Amsterdam 2017, September 25–29 Modelling. ; 2017. https://goo.gl/
cbdASw.

7.	 Ram M, Keiner D, Gulagi A, Breyer C. Role of Solar PV Prosumers in Enabling the Energy Transition Towards 
a Fully Renewables Based Power System for India. In: 1st International Conference on Large-Scale Grid 
Integration of Renewable Energy in India. ; 2017. https://goo.gl/cbdASw.

8.	 [IEA-PVPS] - Internation Energy Agency Photovoltaics Power Systems. Trends 2016 in Photovoltaic 
Applications. Survey Report of Selected IEA Countries between 1992 and 2015. Ursen, Switzerland; 2016. 
http://iea-pvps.org/fileadmin/dam/public/report/national/Trends_2016_-_mr.pdf.

9.	 Schmela M. Global Market Outlook for Solar Power / 2016-2020. SolarPower Europe, Brussels; 2016. http://
www.solarpowereurope.org/fileadmin/user_upload/documents/Events/SolarPower_Webinar_Global_Market_
Outlook.pdf.

10.	 Gulagi A, Ram M, Solomon AA, Khan M, Breyer C. Current energy policies and possible transition scenarios 
adopting renewable energy: A case study for Bangladesh. Renew Energy. 2020;155:899-920. doi:10.1016/j.
renene.2020.03.119.

11.	 Farfan J, Breyer C. Structural changes of global power generation capacity towards sustainability and the 
risk of stranded investments supported by a sustainability indicator. J Clean Prod. 2017;141:370-384. 
doi:10.1016/j.jclepro.2016.09.068.

12.	 [BNetzA] - Bundesnetzagentur. Kraftwerksliste [in German]. Berlin; 2017. http://bit.ly/2pfvBmz.

13.	 Fasihi M, Bogdanov D, Breyer C. Economics of global LNG trading based on hybrid PV-Wind power plants. In: 
31st EU PVSEC. Hamburg. doi:10.4229/31stEUPVSEC2015-7DO.15.6.

14.	 Robert Ferry & Elizabeth Monoian. A Field Guide to Renewable Energy Technologies.; 2012. http://
landartgenerator.org/LAGI-FieldGuideRenewableEnergy-ed1.pdf.

15.	 Sadovskaia K, Bogdanov D, Honkapuro S, Breyer C. Power Transmission and Distributions Losses – A Model 
Based on Available Empirical Data and Future Trends for All Countries Globally. Submitt Publ. 2017.

16.	 Central Electricity Authority (CEA). National Electrcity Plan. New Delhi; 2018. http://www.cea.nic.in/reports/
committee/nep/nep_jan_2018.pdf.

17.	 Central Electricity Authority (CEA). DRAFT REPORT ON OPTIMAL GENERATION CAPACITY MIX FOR 2029-30. 
New Delhi; 2019. http://cea.nic.in/reports/others/planning/irp/Optimal_generation_mix_report.pdf.

18.	 Central Electricity Regulatory Commission. Tariff Determination from Renewable Energy Sources - Regulations. 
New Delhi; 2017. http://www.cercind.gov.in/2017/regulation/Noti131.pdf.

19.	 Central Electricity Regulatory Commission. Tariff Regulations. New Delhi; 2019. http://www.cercind.gov.
in/2019/regulation/Tariff Regulations-2019.pdf.

20.	 Pleßmann G, Erdmann M, Hlusiak M, Breyer C. Global energy storage demand for a 100% renewable 
electricity supply. Energy Procedia. 2014;46:22-31. doi:10.1016/j.egypro.2014.01.154.

21.	 European Commission. Joint Research Centre. Institute for Energy and Transport., SERTIS. Energy Technology 
Reference Indicator (ETRI) Projections for 2010-2050. Petten.; 2014. http://publications.jrc.ec.europa.eu/
repository/handle/JRC92496. Accessed October 25, 2017.

22.	 [ETIP-PV] - European Technology and Innovation Platform Photovoltaics. The True Competitiveness of Solar PV. 
A European Case Study. Munich.; 2017. https://goo.gl/FBzSJx.

23.	 Vartiainen E, Masson G, Breyer C. PV LCOE in Europe 2015-2050. In: 31st EU PVSEC. Hamburg, Sep 14-18; 
2015. https://goo.gl/5qqXEx.

24.	 Fraunhofer ISE. Current and Future Cost of Photovoltaics. Long-Term Scenarios for Market Development, 
System Prices and LCOE of Utility-Scale PV Systems. Freiburg; 2015. doi:059/01-S-2015/EN.

25.	 Katzenstein W, Fertig E, Apt J, Katzenstein W, Fertig E, Apt J. Cost development of future technologies 
for power generation—A study based on experience curves and complementary bottom-up 
assessments. Energy Policy. 2010;38(8):4400-4410. https://econpapers.repec.org/article/eeeenepol/
v_3a36_3ay_3a2008_3ai_3a6_3ap_3a2200-2211.htm. Accessed October 25, 2017.

26.	 Haysom JE, Jafarieh O, Anis H, Hinzer K, Wright D. Learning curve analysis of concentrated photovoltaic 
systems. Prog Photovoltaics Res Appl. 2015;23(11):1678-1686. doi:10.1002/pip.2567.

27.	 Kutscher C, Mehos M, Turchi C, Glatzmaier G, Moss T. Line-Focus Solar Power Plant Cost Reduction Plan. 
National Renewable Energy Laboratory (NREL). Vol NREL/TP-55. Golden; 2010.

28.	 Sigfússon B, Uihlein A. 2015 JRC Geothermal Energy Status Report. European Commission - Joint Research 
Centre. Petten; 2015. doi:10.2790/959587.

29.	 Agora Energiewende. Stromspeicher in Der Energiewende. Berlin; 2014. https://www.agora-energiewende.de/
en/topics/-agothem-/Produkt/produkt/61/Stromspeicher+in+der+Energiewende/.

30.	 Breyer C, Tsupari E, Tikka V, Vainikka P. Power-to-gas as an emerging profitable business through creating an 
integrated value chain. Energy Procedia. 2015;73:182-189. doi:10.1016/j.egypro.2015.07.668.

V. REFERENCES



White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021	 89

31.	 [IEA] - International Energy Agency. World Energy Investment Outlook. Paris; 2014. doi:10.1049/ep.1977.0180.

32.	 McDonald A, Schrattenholzer L. Learning rates for energy technologies. Energy Policy. 2001;29(4):255-261. 
doi:10.1016/S0301-4215(00)00122-1.

33.	 Urban W, Girod K, Lohmann H, Weidner E. Fraunhofer Instituts. Technologien Und Kosten Der 
Biogasaufbereitung Und Einspeisung in Das Erdgasnetz . Ergebnisse Der Markterhebung 2007-2008. 
Oberhausen: Fraunhofer UMSICHT; 2008. http://publica.fraunhofer.de/dokumente/N-94887.html. Accessed 
October 25, 2017.

34.	 Breyer C, Gerlach A. Global overview on grid-parity. Prog Photovoltaics Res Appl. 2013;21(1):121-136. 
doi:10.1002/pip.1254.

35.	 Eisentraut A, Brown A. Technology Roadmap Bioenergy for Heat and Power. [IEA] - Int Energy Agency. 2012:1-
41. doi:10.1108/meq.2013.08324aaa.005.

36.	 Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Eickemeier P, Matschoss P, Hansen G, Kadner S, 
Schlömer S, Zwickel T, et al. [IPCC] - International Panel on Climate Change, 2011: Summary for Policymakers. 
In: IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation.; 2011. doi:10.5860/
CHOICE.49-6309.

37.	 Afanasyeva S, Bogdanov D, Breyer C. Relevance of PV with Single-Axis Tracking for Energy Scenarios. Sol 
Energy. 2018;173:173-191.

38.	 Verzano K. Climate Change Impacts on Flood Related Hydrological Processes: Further Development and 
Application of a Global Scale Hydrological Model. 2009. doi:10.17617/2.993926.

39.	 Mensah TM, Oyewo AS, Breyer C. The role of biomass in sub-Saharan African fully renewable power sector – 
The case of Ghana. Submitted. 2020.

40.	 Aghahosseini A, Bogdanov D, Breyer C. A Techno-Economic Study of an Entirely Renewable Energy-Based 
Power Supply for North America for 2030 Conditions. Energies. 2017;10(8):1171. doi:10.3390/en10081171.

41.	 Toktarova A, Gruber L, Hlusiak M, Bogdanov D, Breyer C. Long term load projection in high resolution for all 
countries globally. Int J Electr Power Energy Syst. 2019;111:160-181. doi:10.1016/j.ijepes.2019.03.055.

42.	 Gulagi A, Ram M, Breyer C. Role of the transmission grid and solar wind complementarity in mitigating the 
monsoon effect in a fully sustainable electricity system for India. IET Renew Power Gener. 2020;14(2):254-262. 
doi:10.1049/iet-rpg.2019.0603.

43.	 Bolinger, Mark; Seel J. Utility-Scale Solar 2015: An Empirical Analysis of Project Cost, Performance, and Pricing 
Trends in the United States. Lawrence Berkeley National Laboratory. Berkley; 2016. https://emp.lbl.gov/
publications/utility-scale-solar-2015-empirical.

44.	 Koomey J, Hultman NE. A reactor-level analysis of busbar costs for US nuclear plants, 1970-2005. Energy 
Policy. 2007;35(11):5630-5642. doi:10.1016/j.enpol.2007.06.005.

45.	 [IEA] - International Energy Agency. World Energy Outlook. Paris; 2015.

46.	 [IEA] - International Energy Agency and [NEA]-Nuclear Energy Agency. Projected Costs of Generating 
Electricity. Paris; 2015. doi:10.1787/cost_electricity-2015-en.

47.	 Lazard. Lazard’s Levelised Cost of Energy Analysis (Version 10.0). Hamilton; 2016. https://www.lazard.com/
media/438038/levelized-cost-of-energy-v100.pdf.

48.	 Urban W, Lohmann H, Girod K. Abschlussbericht für das BMBF-Verbundprojekt Biogaseinspeisung. Fraunhofer 
UMSICHT. 2009.

49.	 Fasihi M, Efimova O, Breyer C. Techno-economic assessment of CO2 direct air capture plants. J Clean Prod. 
2019;224:957-980.

50.	 Fasihi M, Bogdanov D, Breyer C. Long-term hydrocarbon trade options for the Maghreb region and Europe-
renewable energy based synthetic fuels for a net zero emissions world. Sustain. 2017;9(2). doi:10.3390/
su9020306.

51.	 Hoffmann W. Importance and evidence for cost effective electricity storage. In: 29th EU PVSEC. Amsterdam, 
September 22-26; 2014.

52.	 Svensson R, Odenberger M, Johnsson F, Ströomberg L. Transportation systems for CO2––application to 
carbon capture and storage. Energy Convers Manag. 2004;45:2343-2353.

53.	 Michalski J, Bunger U, Crotogino F, Donadei S, Schneider G, Pregger T. Hydrogen generation by electrolysis 
and storage in salt caverns: Potentials, economics and systems aspects with regard to the German energy 
transition. Int J Hydrogen Energy. 2017;42:13427-13443.

54.	 Deutsches Institut für Wirtschaftsforschung. Data Documnetation: Current and Prospective Costs of Electricity 
Generation until 2050. Berlin; 2013. https://www.diw.de/documents/publikationen/73/diw_01.c.424566.de/
diw_datadoc_2013-068.pdf.

55.	 Tongia R, Gross S. Coal in India -Adjusting to Transition. Washington, D.C; 2019. https://www.brookings.edu/
wp-content/uploads/2019/03/Tongia_and_Gross_2019_Coal_In_India_Adjusting_To_Transition.pdf.

56.	 [IEA] - International Energy Agency. World Energy Outlook. Paris; 2015. www.iea.org/publications/
freepublications/publication/WEO2015.pdf.

57.	 Government of India. Indian Petroleum and Natural Gas Statistics. New Delhi; 2017. http://petroleum.nic.in/.

58.	 McKinsey. Unlocking gas potential - New business models. In: Petrotech. New Delhi; 2019. https://www.
petrotech.in/static/pdf/Theme Session - McKinsey - (Unlocking gas potential).pdf.

59.	 [BNEF] - Bloomberg New Energy Finance. New Energy Outlook 2015 - Long-Term Projections of the Global 
Energy Sector. London; 2015. doi:10.1017/CBO9781107415324.004.

60.	 [BNEF] - Bloomberg New Energy Finance. New Energy Outlook 2019. London; 2019.

61.	 CSIRO Division of Atmospheric Research. Lifecycle Emissions and Energy Analysis of LNG, Oil and Coal. 
Aspendale; 1996.

62.	 Environmental Protection Agency. Annexes to the Inventory of U.S. GHG Emissions and Sinks. Washington, 
D.C; 2013.

63.	 DII. 2050 Desert Power—Perspectives on a Sustainable Power System for EUMENA. Munich; 2012.



90	 White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021



White paper on power system optimisation   |   A 100% renewable power system across India by 2050   |   2021	 91



© 2021 Wärtsilä Corporation – All rights reserved.
No part of this publication may be reproduced or copied in any form or by any means (electronic, mechanical, graphic, photocopying, recording, taping or other infor-
mation retrieval systems) without the prior written permission of the copyright holder. Neither Wärtsilä Finland Oy, nor any other Wärtsilä Group Company, makes any 
representation or warranty (express or implied) in this publication and neither Wärtsilä Finland Oy, nor any other Wärtsilä Group Company, assumes any responsibility 
for the correctness, errors or omissions of information contained herein. Information in this publication is subject to change without notice. No liability, whether direct, 
indirect, special, incidental or consequential, is assumed with respect to the information contained herein. This publication is intended for information purposes only.

 

WÄRTSILÄ ENERGY IN BRIEF

Wärtsilä Energy leads the transition towards a 100% 
renewable energy future. We help our customers unlock 
the value of the energy transition by optimising their energy 
systems and future-proofing their assets. Our offering 
comprises flexible power plants, energy management 
systems, and storage, as well as lifecycle services that ensure 
increased efficiency and guaranteed performance. Wärtsilä 
has delivered 72 GW of power plant capacity in 180 countries 
around the world.

03/2021 / Tenfour


