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Overview
In times of increasing global concerns about the reduction of greenhouse gas emission, India faces multiple challenges with respect to its domestic energy system. With nearly a doubling of its energy use since 2000 and a well below average energy consumption per capita, it marks one of the potentially most impactful countries in the broader picture of combating climate change (IEA, 2015). This, in combination with ambitious plans when it comes to the installation of renewable energy capacities, bears the question of how the Indian energy transition can be achieved. With recent government decisions to invest in over 100 GW of solar capacities, India has entered its energy transition. While the world energy outlook published by the IEA outlines different pathways towards the global energy transition, even the tightest one fails to accomplish the goal which was agreed on at the 21st Conference of the Parties (COP) in Paris and confirmed at the 22nd COP in Marrakesh. In fact, this goal can reasonably only be achieved by a fully decarbonized energy system in 2050, calling for additional research.	Comment by Karlo Hainsch: IEA CITE world energy outlook
Methods
Therefore, the goal of this paper is to analyze the future development of the Indian energy system and derive key drivers and turning points towards a clean energy mix in 2050. A linear cost-minimizing optimization model is implemented based on the Open Source Energy Model “OSeMOSYS” (Howells et al., 2011; Welsch et al., 2012) which is modified and expanded. The temporal resolution consists of a pathway from 2015 to 2050 with 5 year steps being considered. Demands for electricity, high and low temperature heating as well as transportation are met by a combination of fossil and renewable fuels which are processed by different technologies during the model calculations. These demands are adopted from the 450ppm scenario of the IEA. An inner-yearly time disaggregation allows a consideration of multiple seasons and day/night cycles.	Comment by Karlo Hainsch: Footnote osemosys.org
Results	
As a result, we are able to establish a model which illustrates the Indian energy transition until the year 2050. The implied decarbonization at the end of the model period has different effects on the sectors we are considering. The power sector is the leading force in the shift towards renewable energies which is reflected in a nearly complete phase-out of fossil fuels until 2040. The additional increase of total energy demand leads to a tremendous expansion of photovoltaic capacities. In 2020 about 190GW are required which still exceeds the target set by the Indian government in their INDC (Ministry of Environment, Forest and Climate Change, 2015) of 175GW of renewable power generation capacities in 2022. In 2050 solar power makes up for 52% of the total Indian power generation, followed by onshore wind (25%) and hydropower (15%). In the heating sector a dominant role of biomass can be observed for both high and low temperature heat demand. Electric furnaces and hydrogen express with 50% of the high temperature heat production in 2050 the strong coupling between the power and heating sector. With respect to the passenger transportation, electric cars dominate (69%) accompanied by electric trains (28%). The importance of rail traffic is even more evident when analyzing the freight transportation services where trains constitute more than half of the total capacities. 	Comment by Karlo Hainsch: Cite INDC
Fossil fuels remain an important factor with coal being present, especially in the heating sector, until 2045. Carbon emissions in 2025 remain at about 1.4 GtCO2, with about two thirds coming from coal. Emissions are further reduced by about 25% each period, before reaching zero emissions in 2050. On a global scale, India manages to only emit about 6% of global carbon emissions due to its early transformation towards renewables.


Figure 1: Power Generation in India; Source: Own illustration


Figure 2: Freight Transport in India; Source: Own illustration
Conclusions
The results suggest that huge efforts are necessary for the Indian energy system transformation. A fast transition is hereby necessary to reduce sunk investments into stranded fossil capacities. The power sector needs to be overhauled completely with photovoltaic becoming the most important technology. In addition, a shift towards power consuming technologies in the heating and transformation sector leads to a strong coupling of the two sectors. Biomass remains a key resource in the heating sector and rail transportations gains substantially in importance. However, it can be concluded that the current efforts and goals set by the Indian government need to be enhanced to achieve a clean energy system in 2050. 
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