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Abstract

There is a growing concern among policy makers about how electricity is generated and consumed in the context of energy security and global climate change. In such a scenario, renewable energy sources, especially solar and wind energy, are likely to play a significant role in providing reliable and sustainable electricity to consumers as they are locally available and their carbon foot print is small. The future share of power by renewables will greatly depend on the expected generation cost and the government’s support to investments in the sector. Using levelised cost approach, capital cost, operating and fuel costs of major electricity generation technologies are compared. Then, a forecast is made for electricity generation in India, using non-linear Bass diffusion model over 15-year horizon, until 2030, for all major energy technologies, viz., coal, natural gas, hydro, solar, wind, and biomass. The results show how present trends and future forecasts of electricity-generating technologies change the electricity generation mix, and how solar and wind power may increase their share in the total generation.  However, fossil fuels will continue to remain competitive relative to renewables due to their cost advantage. The main issue considered here is whether each energy technology has reached its maximum penetration level. This helps set out a path for renewable energy technology diffusion in the Indian power sector

1. INTRODUCTION

Central to the development of power sector is the expected cost of electricity generation through alternative energy sources. There is an overwhelming consensus among policy makers that the best way to develop an energy-surplus economy, attracting investment and creating jobs while reducing carbon emissions and supplying power to rural and remote areas is to increase the share of renewables in power generation. As per International Energy Agency (IEA) estimates, the world energy-induced CO2 emissions will increase by 57.4% during 2005–30, India accounting 14% of it [1], while its share in incremental world energy demand during the same period will be about 6%. India has higher share of emissions in power generation owing to heavy reliance on low-quality coal with high ash content and low share of zero-carbon fuels. As with other developing countries, the major dilemma India faces today is prioritising energy goals which need to follow the path of low-carbon economy with reduced dependence on coal and promotion of renewable technologies for power generation.  A radical transformation of the power sector is required to decarbonise it. 
Renewable energy sources such as biomass, solar and wind have beneficial effect on energy and environmental security. These resources are the most abundant in nature and easy to deploy. However, as of now, their share in total power generation is limited to about 10%. Coal has a dominant share (73%) followed by natural gas (10%). However, due to their non-renewable nature and environmental impact, there is a fledgling interest in renewable resources. In recent years, among non-hydro renewables, solar and wind power penetration (in terms of installed base) is increasing rapidly. This is mainly due to falling costs, new application areas, growing investor interest due to investment attractiveness and strong policy support. The introduction of renewables in power generation not only protects environment but also provides significant employment to the population. Thus, power generation through renewables is not only an economic and environmental solution but also a social one too [2]. 
The present study uses technology-specific innovation system approach under the assumption of the existence of technological systems in India and that they vary in their ability to develop and diffuse into the society [3].  Here, the competition is between renewable energy technologies and incumbent fossil-fuel-based ones (along with the associated systems). We compare the costs of power generation through renewables vis-à-vis conventional technologies using levelised cost approach taking into consideration capital cost, fuel cost and other O&M costs[footnoteRef:1]. Information on the technical performance and cost characteristics has been gathered for each of these technologies. Using the Bass model, we project the installed capacity of various technologies and their impacts on land and water by 2030. The future composition of energy mix will depend on the reliability and cost competitiveness of various technologies. This in turn help in designing an optimal investment strategy for capital stock turnover, technology costs, and projected demand growth.  [1:  The levelized cost is the ratio of the net present value of total life cycle costs of the power plant to the quantity of energy produced during the life of the plant [4].  ] 


2. INDIA’S ENERGY MARKET
2.1 Electricity generation
Electricity is generated through various technologies and the choice of technology, fuel and unit rating depends on various factors. The range of unit ratings varies with the system. Coal and gas are the major sources used for electricity generation while hydro and other renewables like wind and solar contribute around one third of the total. By the end of 2015, the total no. of power plants were 851 [4] of which were 132 coal-fired, 43 gas-fired, 7 nuclear, 66 hydro, 470 wind, 47 solar and 86 biomass-based plants. The total installed capacity stood at 245 GW.  A comparison of the current installed capacity of coal-based plants (153 GW) and gas-based plants (23 GW) shows the dominant role of coal-fired plants in Indian power generation.  
Of the total 245 GW of installed capacity, 62.5% is coal-based, 9.5% is natural gas-based, 25% is from renewables and the rest is from nuclear and oil sources. From renewable energy sources, hydro-power has the largest installed capacity (12% of total) and 13.5% comes from other renewable sources such as solar, wind, and combustible waste. This shows that, in the current fuel mix fossil (coal, natural gas and oil) and nuclear fuels have a combined installed capacity of 74% of the total installed capacity.
The total electricity generation in 2015 was 1145 TW-h which, divided by 8760 hours/year, equals an average power of 132 GW.  The contribution from coal is the highest at 73%, while its share in the total installed capacity is only 62%. The case is reversed in the case of renewables. Using normalised load factors to account for fluctuations in wind and solar power, the contribution of renewables to gross electricity generation is only about 10%. 
2.2 Power plant efficiency
Efficiency varies with the source and also with technology. In India, at present, coal is converted into electricity using sub-critical technology. The average efficiency of coal-based power plant is between 25 and 30%. This low value is due to the fact that Indian coal is a low-grade one and contains high ash content (30–50%). Advanced technologies like IGCC (Integrated Gasification Combined Cycle) can have higher efficiencies. In case of gas-based power generation, CCGT (Combined Cycle Gas Turbine processes) technology is more efficient than a simple gas turbine cycle. Gas-fired power plants in India are built mostly after 1990. At present, the efficiency of gas-fired power generation is in the range of 45–50%.  Between 1990 and 2010, the efficiencies of gas-based power generation have increased significantly (from 20 to 50%) while that of coal remains almost stagnant at about 30%. 
Nuclear power stations in India have efficiencies of around 30%. The efficiency of a hydro-electric power station depends on the type of water turbine. In India, most of the power is generated through large hydroelectric power plants whose efficiencies are around 75%. In case of renewables, wind energy conversion efficiency[footnoteRef:2] is about 30%, while that of solar PV[footnoteRef:3] is about 15% and solar thermal, between 15 and 18%.  Biomass power plant efficiency  [2: Wind turbine extracts power from the air (kinetic energy) and converts to electric power.]  [3:  The efficiency of solar photovoltaic cells is the ratio of electrical energy produced by the cells to the incident solar radiant energy.  
] 


2.3 The dynamics of Renewable energy system evolution 
The availability of renewable energy (in GW) and the amount that can be exploited are important issues to consider. Solar energy is the most abundant in India with a potential of 749 GW. However, as on 2015, only 0.67% of its potential has been exploited. The second-most abundant source of renewable energy is wind, which is exploited to 24% of its full potential. Bio energy is exploited to about 4.65% of its full potential. Of the total potential of renewable energy (896 GW) only 4.3% (38 GW) is being exploited for power generation. The main deterrent for the limited exploitation for generation is its relative cost vis-à-vis fossil fuels [5]. 
From the available data (Table 1), it can be seen that the cost of power generation (COG) through renewable energy technologies remains well above that of non-renewable-energy based technologies.  However, over time, the cost is increasingly becoming competitive for supplying power to the national grid. As a result, in locations where the wind speed is high or excellent solar radiation exists, the power generation is often competitive with coal-based or natural gas-based electricity generation. Between 1995 and 2015, wind turbine prices have declined sharply and continued technology improvements resulted in increased capacity factors. The COG of wind power has therefore dropped significantly and wind energy is increasingly becoming the least-cost option for new grid supply. 
2.4 Levelized Cost of Electricity Generation 
Determining the levelized cost of power generation is difficult due to uncertainties in fuel prices and variations in O&M costs. Forecasting the cost has even larger bands of uncertainty. For capital intensive technologies, such as nuclear and renewables, the largest uncertainty lies with the capital expenditure, the gestation period and the annual capacity factor.  The levelized cost for technology k can be described as follows: 
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Where, 
LCOE = Levelized cost of electricity (Rs. /kWh)
I = Investment expenditures (Rs.) 
At = Annual costs in year t (Rs.)
Mt = Quantity of electricity produced in year t (kWh)
i = Discount rate (%)
n = Economic operational lifetime of the power plant (years)
t = Year of lifetime (1, 2, ...n)
The investment is the cost of capital while annual costs include fuel cost as well as O&M (fixed and variable) costs (Rs. Million/MW/year). The fixed costs include all costs, which include: Administration, operational staff, planned and unplanned maintenance, payments for O&M service agreements, property tax, and insurance. The variable O&M costs (Rs. Million/MWh) include consumption of auxiliary materials (water, lubricants, fuel additives), treatment and disposal of residuals, output-related repair and maintenance, and spare parts.  Table 2 provides information on cost data for various power-generating technologies on KWh basis. The technologies include both non-renewable (fossil fuel thermal and nuclear power stations) and a range of renewable generation, including solar and wind. Since these costs are calculated at the plant level, they do not include transmission and distribution costs. 

3. ANALYTICAL FRAMEWORK
3.1 Technology diffusion in the power sector
There is a long-felt need to predict the diffusion of various technologies and the market for specific types of technologies. Various mathematical models have been used as forecasting tools (e.g., Gompertz, Fisher-Pry, Bass); learning models (e.g., Dirichlet, Artificial Neural Networks) and Regression models (e.g., trending or multivariate models based on historical data). Conventional forecasting tools do not effectively account for soft cost factors, such as government regulation or public opinion of power sources. In the present study, we project the diffusion of various power plant technologies in India. Depending on the shape of function f (t), various models like external, internal and mixed- influence models can be used. Several flexible models have also been developed to explain the diffusion behaviour [12]. The Bass model developed by Frank Bass [14] is by far the most common and accurate one to study diffusion as well as forecast the future of technologies. Therefore, we have used the Bass diffusion model to study the diffusion of renewable energy technologies in India.
The fundamental model can be explained as follows:

ⅆN (t)/ⅆt = f (t) [m−N (t)] 						(1)
where
N (t) = cumulative number of adopters at time t, in the present case cumulative installed capacity (MW) 
m = market potential and 
f (t) = time dependent function.
The above equation according to the Bass diffusion model can also be written as follows:
ⅆN (t)/ⅆt = [p+ (q/m) N (t)] × [m−N (t)] 				(2)
where
p = coefficient of innovation
q = coefficient of imitation
f (t) = p+ (q/m) N (t)
Now, Bass model in discrete form can be written as:
N (t-1) – N (t) = pm - p*N (t) + q*N (t) + (-q/m)* N2 (t) 
                        = pm + (q-p)*N (t) + (-q/m)* N2 (t)
                        = a + b*N (t) + c* N2 (t)					(3)
where
a = pm
b = (q-p)
c = (-q/m)
where, a, b and c can be obtained by regression analysis (NCSS Statistical Software is being used).
p, q, m can be obtained as follows:
p = a/m
q = −c/m
 
The last equation is obtained for the asymptotic condition 
dN (t)/dt → 0; as t → ∞ and N (t) → m. 				(4)
Table 3 shows the value of p, q and m for conventional power-generation technologies. The above model has been used to project the diffusion of different renewable energy technologies by the year 2030. Where availability of data is insufficient, we have used trend forecasting to assume values so that we obtain a better R2 value. This gives us a more accurate fit. 
The solar water installations in India have shown a steady and regular growth, especially after 2010. From the model we can see that the total installations will be around 113.8 million m2 by 2030. 
The biomass-based power plants have shown a steady increase. Fig. 7 shows that the total installations will be around 14.65 GW by 2030.                                          
The model predicts a future energy-mix using the Bass model. As the results show (Table 4) coal remains the key energy source even by 2030 because it is the cheapest source of energy and the technology is mature. Unless externalities are included in the cost of energy, there is little reason to believe that the attractiveness of coal will decrease.  Though natural gas is expected to remain an important fuel for power generation, due to limited proven reserves, its share will eventually decline. Overall, the share of non-renewables is expected to decrease from 72% in 2015 to 67% in 2030. Renewables will play an increasingly important role as to account for 22% in 2030. Solar alone would contribute 8 and wind 11% of the 2030 power generation. Large hydro Power Plants are expected to remain stable.  

4. DISCUSSION
4.1 The Energy Mix-2030
India’s energy mix, even in 2030 will be dominated by fossil fuels.  The Bass model forecast  of the installed capacity of power plants shows that coal and gas will make up around 70% of the total in 2015 which is forecast to be about 66% by 2030. This means that no significant shift away from fossil fuels to renewables is seen until 2030.
4.2 Cost of Electricity Generation 
Of the total power-generation costs, fuel costs constitute a significant portion. Plants that rely on domestic sources of fuel will have a significantly lower cost associated with fuel than those that rely on imported fuels. Since India’s power plants depend on domestic coal, the future power-generation costs do not increase significantly as in the case of gas-based plants which depend on imported fuel. Similarly, the efficiency of fuel conversion plays an important role in determining the cost of power generation for conventional technologies like coal and gas.  Also, plant utilisation factor plays a major role in the quantity of power generated. In the power-generation cost, factors that play an important role are costs for transmission and distribution networks. Since we are unable to obtain or predict future prices, efficiencies and power factors for various fuels and technologies and T&D costs, we could not project the costs of power generation in 2030.  
4.3 Technology diffusion until 2030
While projecting diffusion, we have excluded a number of variables. Exogenous impacts such as the value of R&D expenditure and external pollution costs are not included.  Similarly, the model excludes the values of investments in a particular technology, effect of plant size, scale, plant lifetime, regulatory changes and subsidies. The impact of these combinations of factors will affect diffusion significantly. However, since estimating the probability of such impacts would be difficult and hence they are excluded for the analysis.
The share of renewable energy technology will continue to grow in future. However, as seen from the projections, they are unlikely to alter the energy mix significantly. The costs of power generation through renewables is falling continuously. The potential for significant cost reductions over time is high as the scale of manufacturing along the entire production value chain increases. The potential of cost reduction for fossil-fuel-based technologies is not high since the technological improvements for these mature technologies are incremental in nature. This will provide a growing market for renewable energy technologies even without government subsidies.

5. CONCLUSIONS
The present study provides the technology characteristics of various power generating systems including the levelised costs of electricity-generation technologies (LOCE) which play a significant role in the future prospects of these technologies. To arrive at the costs we have considered capital costs and the present value of fuel and other O&M costs. The results confirm that coal, gas, and wind remain competitive over the long term. At present, solar power remains expensive, even though the tariffs have come down significantly in the recent past. The costs for newer coal-based technologies such as integrated gasification combined cycle (IGCC) are calculated here which seems to be promising. Biomass power generation seems to have lower levelised costs than many other technologies due to lower fuel prices. These levelised costs of electricity are estimated using data at a particular point of time and with particular assumptions. These costs are likely to change over time and in some cases may change significantly as in the case of solar power. However, there is a possibility of falling construction costs for most technologies and especially the newer technologies. The levelised costs are sensitive to the discount rate, capacity factor and the fuel prices.
The study applied the Bass model framework to generate energy production forecasts for a 15-year-ahead horizon (2030) through various energy technologies from the Indian context.  The share of renewable energy generation in the total will increase from the existing 12.43% to about 22% by 2030, thus becoming a focal point of discussion for the future energy policy. It is observed that the diffusion of some of the renewable energy technologies will reach its peak in the near future. Several factors influence the future diffusion including available resource potential, electricity generation costs, etc. Constraints on the land and water availability are also expected to affect electricity generation through renewables.
With increasing installations of renewable power plants and therewith associated higher shares of power supply, there will be a fundamental change in the electricity supply system. In such a scenario, other than LCOE, many factors play a role in the analysis and evaluation of a technology. For example, the “value” of electricity will become more important, i.e., its availability at times of high demand and the ability to provide services. So it is essential that the power system should be regarded in its entirety since there are many interactions and interfaces among different sectors (power, heat, transportation, etc.) and the prices that are charged should depend on the services that are provided.
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[bookmark: _GoBack]Table 1: Power generation (TWh) through various sources
	Year
	Coal
	% 
	Gas
	%
	Hydro
	%
	Nuclear
	Solar
	Wind
	Biomass
	Total Renewables
	%
	Grand total

	1975
	34.85
	52.6
	0
	0
	28.97
	43.8
	2.4
	 
	 
	 
	 
	 
	66.22

	1985
	96.96
	62
	1.38
	0.89
	53.95
	34.5
	4.08
	 
	 
	 
	 
	 
	156.36

	1995
	289.38
	73.4
	26.99
	6.84
	68.9
	17.5
	9.07
	 
	 
	 
	 
	 
	394.34

	2000
	370.88
	71.8
	47.1
	9.12
	73.58
	14.3
	19.48
	 
	3.27
	2.18
	5.45
	1.06
	516.49

	2005
	461.79
	68.2
	64.16
	9.48
	113.5
	16.8
	18.8
	0.005
	12.42
	6.27
	18.69
	2.76
	676.95

	2010
	612.5
	66.1
	93.28
	10.1
	130.51
	14.1
	36.04
	0.022
	36.62
	17.94
	54.59
	5.89
	926.92

	2015
	838.7
	73.2
	40.04
	3.5
	119.6
	10.4
	36.1
	7.54
	65.7
	37.56
	110.8
	9.7
	1145.39



Source: MoP, 2015, Anon, 2015e, Indiastat.com.

Table 2:  Levelized cost of Power generation through various technologies in India

	
	Solar PV
	Solar Thermal
	Wind 
	Biomass
	Nuclear
	Gas
	Hydro
	Coal

	
	
	
	
	
	
	
	
	SC
	IGCC

	Plant life (years)
	25
	25
	25
	20
	40
	40
	40
	30
	40

	Discount rate 
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1

	Capital Cost (Rs (mil.)/MW)
	62.00
	137.70
	61.90
	49.21
	150.00
	42.00
	72.00
	54.00
	85.00

	 O&M Cost (Rs (mil.)/MW)
	1.30
	1.77
	1.06
	4.47
	15.00
	1.94
	2.33
	1.20
	1.00

	PV
	11.80
	16.07
	9.65
	38.06
	146.69
	18.97
	22.79
	11.31
	9.78

	Fuel Price (Rs/Kg)
	0.00
	0.00
	0.00
	1.58
	4147.00
	5.71
	0.00
	3.30
	3.30

	Fuel Consumption Norm (Kg/KWh)
	0.00
	0.00
	0.00
	1.25
	0.00025
	0.46
	0.00
	0.75
	0.50

	Fuel Cost (Rs. Mil/MW)
	0.00
	0.00
	0.00
	12.11
	6.36
	6.90
	0.00
	13.01
	10.12

	Present Value of fuel cost (Rs.million)
	0.00
	0.00
	0.00
	103.11
	62.17
	67.50
	0.00
	122.63
	98.94

	Life Cycle Cost (Rs.Million)
	73.80
	153.77
	71.55
	190.37
	358.85
	128.47
	94.79
	187.94
	193.72

	Annualised LCC (Rs.Million)
	8.13
	16.94
	7.88
	22.36
	36.70
	13.14
	9.69
	19.94
	19.81

	Capacity factor (%)
	18.00
	22.00
	25.00
	70.00
	70.00
	30.00
	35.00
	60.00
	70.00

	Annual Generation (KWh/KW)
	1577 
	1927 
	2190 
	6132 
	6132 
	2628 
	3066 
	5256 
	6132 

	Generation Cost (Rs/KWh)
	5.16
	8.79
	3.60
	3.65
	5.98
	5.00
	3.16
	3.79
	3.23


Source: Anon 2015d, and Indiastat.com)



Table 3: Bass model parameters for conventional technologies.
	
	Coal
	Gas
	Hydro
	Nuclear

	P
	0.00070
	0.03
	0.01
	0.04

	Q
	0.48
	0.72
	0.40
	0.66

	M
	328784.32
	27664.12
	48016.38
	10356.23



Table 4: Bass model parameters for renewable technologies.

	 
	Wind Energy
	Solar PV (Grid Connected)
	Biomass Energy
	Solar Water heater

	p
	0.0117
	0.0129
	0.009
	0.0009

	q
	0.171
	0.185
	0.158
	0.25

	m
	52132.95
	49490.51
	16038.94
	152135566.1



Table 5: Projection of installed capacity of various technologies by 2030.

	Year
	Share of various technologies in total installed capacity (%)
	Total Installed capacity (MW)

	
	Coal
	Gas
	Nuclear
	Hydro
	Solar
	Wind
	Biomass
	Total renewables (*)
	

	2015
	61.4
	8.6
	2.2
	15.4
	1.4
	8.7
	2.3
	12.4
	268062

	2020
	61.0
	7.0
	2.0
	13.0
	3.5
	10.6
	2.8
	16.9
	331129

	2025
	59.9
	6.7
	1.9
	11.3
	5.9
	11.2
	3.2
	20.2
	403258

	2030
	59.8
	6.1
	1.9
	10.2
	7.9
	10.9
	3.2
	22.1
	455312


(*) excluding Hydro
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