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Abstract
The recent Indian government has announced plans to add 175 GW of renewable energy capacity to the
electricity sector in India by 2022. This comprises capacities of 100 GW of Solar, 60 GW of Wind and 15
GW from other renewable sources such as Small Hydro, Biomass and Urban and Industrial Waste to Energy.
India has one of the highest solar radiations in the world and the western states of Gujarat and Rajasthan
could lead the way for solar installations in India. Also in various parts of India, low to medium scale wind
farms and wind energy production is on the rise. Suzlon Energy (an Indian manufacturing entity) is one
of the leading manufacturers of windmill blades and has been responsible for installing low cost windmills
in parts in India. However, a stated objective of the Indian government has been to reduce its growing
coal import bill: the annual coal import bill rose from US $ 12.4 Billion in 2011 − 12 to more than US $
14.5 Billion in 2013-14 (fiscal year April 1 - Mar 31). For 2014 − 15, about 75.61% of the total electricity
generated was from coal while the share of imported coal was 10.28%. The share of wind and solar in total
electricity generation was 5.31%. The main question addressed in this paper is if India can replace the share
of imported coal with greater use of wind and solar technologies in total electricity generation. Using a real
options approach taking into account stochastic global coal prices, we find that the social planner solution
entails a positive value to waiting before making the switch (wind and solar replacing imported coal) at a
‘trigger’ price of US $ 51.83 per ton of coal. Including pollution from coal fired power plants and New Delhi
being one of world’s most polluted regions, India would do better by improving thermal efficiency of existing
coal fired plants (increasing the energy content per ton of coal shipped by increasing coal washing and coal
handling facilities) and investing greater amounts in renewable energy sources. If India can eventually reach
its Paris agreement target of generating 40% of electricity from non-fossil fuel sources by 2030, it would
imply abatement of some 275 million tons of CO2 and a reduction of emissions by 33%-35% based on 2005
levels.
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Introduction

Air pollution in India’s National Capital Region (NCR) comprising of the capital New Delhi and its surrounding metropolitan areas, or loosely speaking Delhi, is among the most polluted cities in the world (Indian
Express (2016a)). Air pollution hit a record high in Delhi on October 31, 2016 after the Indian festival of
Diwali and the region was covered with toxic smog and residents complained of irritation of eyes and throat.
With smoke from Diwali fireworks, moisture and nearly stagnant wind movement, visibility plunged to near
zero levels (Indian Express (2016b)). According to the World Health Organization (2016), among the 27
most polluted cities in terms of particulate matter PM10 for 2012, 20 are situated in India.1 Delhi figures
∗ Universidad de Guanajuato, Guanajuato, Mexico. E-mail: Supratim Das Gupta (dasgupta@ugto.org), Alejandro Mosiño
(mosino@ugto.org)
1 Air pollution consists of pollutants such as Sulphur Dioxide, Nitrogen Dioxide, Ozone, Carbon Monoxide and Particulate
Matter of less than 10 microns in diameter (PM10) and less than 2.5 microns in diameter (PM2.5). PM10 and PM2.5 are

as one of the most polluted big cities with a PM10 concentration of 229 preceded by other Indian cities of
Gwalior (329), Allahabad (317) and Raipur (268). Non-Indian cities with high PM10 concentrations include
Zabol, Iran (527), Hammad Town, Bahrain (318) and Doha, Qatar (168). For PM2.5 concentrations in 2013,
Patna, India was the most polluted in the world with a concentration of 149 followed by other Indian cities
with high concentrations Ahmedabad (122) and Delhi (100). 2 3
The principal sources of PM10 and PM2.5 pollution in the NCR are vehicle emissions, diesel engine emissions,
dust, massive construction projects and sulfur dioxide emissions from neighboring coal fired power plants
(Hindustan Times (2016b)).4 Old and inefficient coal fired power plants running way beyond their useful lives
is another major cause for Delhi’s dirty air. The Delhi state government was forced to shut down India’s most
polluting power plant, the state owned coal fired Badarpur power plant which newspaper reports suggest
contributes to about 80-90% of Delhi’s particulate matter pollution. The state government also shut down
another Rajghat thermal power station in November 2016 and announced the restoration of 9 gas based power
plants to supplement the city’s power supply (Indian Express (2015), Economic Times (2016)). In addition
to tried measures of restricting cars plying on roads with an odd-even scheme, the Delhi state government
has taken emergency steps such as temporary closing of schools, imposing a complete ban on crackers other
than for religious functions, retrofitting crematoriums with chimneys, a temporal ban on construction and
demolition activity, deregistration of 15-year old diesel vehicles, vaccum cleaning of roads, installation of mist
fountains and even pondering engineering artificial rain over Delhi (Indian Express (2016b), Indian Express
(2016c)).
India ratified the United Nations (UN) Paris climate change agreement or the COP21 meetings held in
Paris in December 2015 on October 2, 2016 being the 62nd country to do so. The major aims of the Paris
climate change agreement, adopted by 195 nations, were to limit global warming to well below 2 degrees
Celsius (3.6 degrees Fahrenheit) above pre-Industrial Revolution levels and to intensify actions and funds for
a sustainable low carbon future (EU News (2016) and The Guardian (2016)).5 India purportedly chose the
date of joining the agreement by making binding commitments to curb CO2 emissions to limit the rise in
global temperatures on the birth anniversary of Mahatma Gandhi, touted by Indian Prime Minister Narendra
Modi to have led a life of minimum carbon footprint. India is the world’s fourth-largest carbon emitter and
accounts for about 4.5% of global greenhouse gas emissions (The Guardian (2016) and BBC News (2016)).
But India’s per capita CO2 emissions is the lowest among the top ten global emitters.6 India, as part of initial
commitments to the Paris climate agreement, has plans to reduce its emission intensity (emission per unit of
GDP) by 33-35% from 2005 levels by the year 2030. Among other initial targets, India aims to produce 40%
of its electricity from non-fossil fuel sources and create an additional carbon sink of 2.5 billion tonnes of CO2
equivalent through extra forest and tree cover by 2030 (The Guardian (2016), Hindustan Times (2016a)).
measured in units µg/m3 . Source: World Health Organization (2016) and Sky Met Weather (2017).
2 The World Health Organization (WHO) states that PM10 and PM2.5 can penetrate into the respiratory tract and cause
respiratory infections and diseases and cardiovascular diseases. Experts say that PM2.5 being so tiny can pass through the
body’s filters and cause ailments such as reduced lung function and even cancer.
3 WHO recommended average annual exposure to PM10 and PM2.5 is 20µg/m3 and 10µg/m3 respectively.
4 Air pollution in Delhi is also caused by burning of much of 10,000 tons per day of municipal solid waste and air flow
patterns picking up emissions from neighboring states of Punjab and Haryana where agricultural farmers burn straw in their
fields. Source: Delhi Air (2015)
5 The Paris agreement asks both rich and poor countries to take action to arrest the rise in global temperatures that is
causing glaciers to melt, raising sea levels and severely shifting rainfall patterns. The agreement will come into effect when 55
countries contributing to at least 55% of total global emissions ratify the deal. With India’s signing, 62 countries accounting
for about 52.3% of total global emissions were signatories to the agreement. The US and China-together responsible for 40% of
the world’s carbon emissions, have already joined the agreement (NPR (2016) and BBC News (2016)). The European Union’s
environment ministers approved the ratification of the Paris climate agreement in September, 2016 and the EU will sign the
agreement on April 22, 2017 in New York (the EU accounts for about 12% of total global emissions). Source: CBS News (2016)
and EU News (2016). It is expected that with EU’s signing, the minimum criteria such that the agreement becomes effective
will be attained.
6 India’s CO emissions from fuel combustion was 2019.7 million tonnes of CO for 2014. India’s CO emissions per dollar
2
2
2
of GDP (PPP) was 0.29 whereas its per capita emissions was 1.56 tonnes of CO2 equivalent in 2014. Figures for per capita
emissions in tonnes of CO2 equivalent for USA, Canada, Australia and China were 16.22, 15.61, 15.81 and 6.66 respectively for
2014. Source: International Energy Agency (2016b).
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Motivation and Related Literature

Our work follows the framework in Detert and Kotani (2013) and Cowell (2014). The authors analyze the
case facing Mongolia to switch to alternative energies from using non-renewable energy sources in producing
electricity (from 1990 to 2005, coal accounted for an average of 96.2% and diesel for 3.8% in domestically
generated electricity). Reasons for Mongolian authorities to contemplate investment in alternative energies
include energy security with phasing out electricity imports (stated by authors to be as much as 10% from
Russia to cover electricity demand during peak periods) and the significant investment needed in generation
and distribution of electricity to sustain Mongolia’s economic growth in the coming years. All of Mongolia’s
current generation and distribution systems were built during the Soviet era and are nearing the end of their
operating lives with little or no opportunities for adding efficiency improvements. This work focuses on the
Indian electricity sector where the government’s aim to increase the share of renewables in the generation
of electricity is primarily because of alarming levels of air pollution in parts of India (Delhi being a prime
example) and the country’s rising coal imports. Import of coal to India was 212.1 Million Tons (Mt) in
2014 − 15, an increase of 27.12% from previous year 2013 − 14. Coal imports to India consists of coking
coal (used in iron and steel and metallurgical industries) and non-coking or thermal coal (used in electricity
generation and in cement industry). A cause of concern for the Indian government is the growing share of
non-coking coal imports in total coal imports in recent years: as a percentage of total imports, this share
grew steadily from 41.5% in 2004 − 05 to 66.3% in 2009 − 10 to 75.6% in 2012 − 13 to 77.9% in 2013 − 14 (see
table 2 and figure 7).7 8 For India, power plants that rely on imported coal can also be loss making as seen
from the experience of Tata Power’s 4.0 GW power plant in Mundra, Gujarat. It lost money after 2011 when
coal prices rose following the Indonesian government´s move to put restrictions on export of certain grades
of coal (Buckley and Sharda (2015), Anand and Prasad (2013)). Other reasons why India should switch
from using coal to renewables within feasible limits include arresting some of the highest Transmission &
Distribution (T&D) losses (23.65% for 2012) and Aggregate Technical & Commercial (ATC) losses in the
world which contributes to loss making state owned distribution companies.9 . In this regard, renewables
such as wind and solar have the great benefit of decentralized distributed generation.
The present government (elected May 2014), increased previous capacity targets to 100 gigawatts (GW) of
solar, 60 GW of wind and 15 GW from other types of renewables such as Small Hydro, Biomass and Urban
and Industrial Waste to Energy by 2021 − 22. We only focus on solar and wind capacity additions for the
purpose of this paper. With an assumed conservative growth rate of 6% per year and the current trend in
solar and wind installations, we expect total installations to be about 111.24 GW by 2025. This would entail
the share of solar and wind in electricity generation to increase from 5.31% in 2014 − 15 to 11.08% and that
of coal to fall from 75.61% in 2014 − 15 to 69.84% (with an investment cost of about Rupees (Rs.) 8975
Billion or US $ 141 Billion). Although it may seem that an increase of about 6 % in the share of wind and
solar comes at a high cost, the point of our research is whether stochastic and uncertain global coal prices
should influence this decision. We expect to see that higher world coal prices should force India to make
renewable energy investments at a faster pace. The share of electricity generated from imported coal was
10.28% in 2014 − 15: the question then becomes if uncertain global world coal prices can force India to make
investments in wind and solar at a rapid rate in order to raise their share in electricity from current levels
of 5.31% to about 15%.10
7 India’s annual coal import bill rose from US $ 12.4 Billion in 2011 − 12 to more than US $ 14.5 Billion in 2013 − 14: fiscal
year in India is 1st April to 31st March. Source: Coal Directory of India (2015) and of Coal Annual Report (2015).
8 The share of imported coal as percentage of total coal consumption rose from 6.4% in 2002 − 03 to 19.4% in 2012 − 13. The
power sector alone accounted for 59.6% of total thermal (non-coking) coal imports in 2012 − 13. Source: Anand and Prasad
(2013).
9 ATC losses estimated at 26% (Buckley and Sharda (2015)). T&D losses: energy dissipated in the conductors and equipment
used for transmission, transformation and distribution of power. ATC losses: T&D losses plus the additional energy that is ‘lost’
in terms of revenue to the supplier through theft, defective metering and errors in estimating unmetered supplies. T&D losses
were Russia (12.59%), USA (6.73%), Japan (4.79%) for 2012. Sources: Central Electricity Authority (2015), Energy Statistics
(2015), Dubey et al. (2014).
10 Some other cost saving measures to the government could be using efficient modern coal technology, setting up critical
rail links for evacuation of coal to plants in coastal areas (where imported coal is mostly used), increased coal washing by
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This paper can be placed in the literature including de Oliveira et al. (2014), Santos et al. (2014) where a real
options approach is used to combine uncertainty and risk with flexibility given a scenario of irreversibility of
energy investments (for a real options analysis of electrification of offshore oil and gas platforms in Norway,
see Cowell (2014)). Real options approach considers the flexibility of the management (or government in our
case) to make an irreversible investment in an energy project depending on the arrival of further information
in an uncertain world. Thus there is a positive value to waiting. de Oliveira et al. (2014) analyze the economic
feasibility of investing in a cogeneration unit producing electrical and thermal energy which can make a
typical plant making medium density fiberboard (MDF) wood panels in Brazil self-sufficient in its energy
needs.There is an investment cost for building the cogeneration unit and additional investment is needed
to connect it to the commercial grid which endows the model with real option like characteristics.When
grid- connected, the cogeneration unit can sell excess electricity in the spot market: so the firm in order
to maximize profits can choose to either divert wood chips to make more MDF panels or generate more
electricity.11 The authors conclude that investment in the cogeneration unit (fueled by wood chips residues
and natural gas) and connecting it to the commercial grid is worthwhile as the value of the option to sell
energy is greater than the investment cost. Our work studies the option for India to replace the electricity
generated from imported coal with energy generated from wind and solar.12 Switching to a greater use of
wind and solar for India entails arresting pollution, creating jobs, attracting foreign investment and reducing
the coal import bill.13 A quote from the 12th Five Year Plan (FYP) document in the introductory paragraph
of the Chapter on “Energy”14 :
“High reliance on imported energy is costly given the prevailing energy prices which are not likely to soften;
it also impinges adversely on energy security. Meeting the energy needs of achieving 8 per cent - 9 per cent
economic growth while also meeting energy requirements of the population at affordable prices therefore
presents a major challenge. It calls for sustained efforts at increasing energy efficiency to contain the growth
in demand for energy while increasing domestic production much as possible to keep import dependence at
a reasonable level”
It must be mentioned that our work differs from Detert and Kotani (2013) in a fundamental way: we do not
analyze the case facing India to switch to alternative energies completely from the current electricity generation mix. Switching completely to alternative energies is unrealistic for India given the relative abundance
of coal and capacity constraints associated with installing wind and solar capacities at a very large scale. We
only analyze the problem of replacing imported coal with wind and solar as a baseline case; we add other
scenarios (some as part of India’s commitment to the Paris agreement) later. Greater use of wind and solar
in the energy generation mix also requires an irreversible investment in building additional solar and wind
capacity. The real options approach involves valuing annually the attractiveness of continuing to use the
present mix of energy generation vs. making the investment and switching to a greater use of renewables.15
Our source of uncertainty comes from stochastic world coal prices: according to International Energy Agency
(2016a), India was the largest net importer of coal in 2015 importing 221 Million Tons (Mt) and was followed
by China (199 Mt) and Japan (192 Mt). Waiting to invest in alternative energies has a marginal benefit
that it keeps the option that future coal prices may decline and investment would be delayed with lower
investment cost; but waiting also involves marginal cost in terms of foregone net benefits (less pollution,
jobs, foreign investment etc.) which could have been accrued if the investment and switch to greater use of
coal-handling and preparation plants (CHPP) to increase the energy content per tonne shipped and finally switching to LED
lights in streets and homes. Increasing domestic coal production, as is one of the government’s stated goals, is problematic as
it involves relocation and resettlement of people from coal rich forested areas.
11 Price of electricity is assumed to be the main source of uncertainty in the paper: the authors mention that Brazilian
electricity production, heavily sourced from hydro is dependent on rainfall rendering electricity prices a distinct seasonal
behavior.
12 Indian imports of electricity has been steady at around 4795 GWh of electricity over recent years which accounted for
a negligible 0.47% of total available electricity in 2013 − 14. We do not have data on Indian exports of electricity. Sources:
Economic Times (2016a) and India Energy Security Scenarios 2047 (2015).
13 Out of new solar projects (> 10 MW) developed in India, 18% are financed by international project developers. Source:
Bridge to India (2016).
14 Source: Anand and Prasad (2013).
15 For theory and applications, see Dixit and Pindyck (1994) and Miranda and Fackler (2002).
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solar and wind were done earlier. The optimal strategy involves a “trigger” price of coal Detert and Kotani
(2013) such that if the current price of coal is greater than the trigger price, the investment is undertaken,
otherwise not. We solve the real options problem using a binomial tree (see Hull (2012)) and assuming that
world coal prices follow a Geometric Brownian Motion (GBM) (Santos et al. (2014), Lin and Wesseh (2013),
Hach and Spinler (2016)).
Some seminal works that analyze the problem of switching energy production from non-renewable to renewable sources as a type of real options and characterize the important determinants for the optimal strategy
include Davis and Owens (2003) and Siddiqui et al. (2007). They study the optimal strategy for research
and development (R&D) expenditures of the US federal renewable energy program and demonstrate the
value of flexible R&D investments. More recently, papers have included flexibility in the investment decision
such as in a single or multiple stages (Chronopoulos et al. (2016)) and flexibility in investment decisions
and designs (Martı́nez-Ceseña and Mutale (2011)).16 In Martı́nez-Ceseña and Mutale (2011), the authors
model a generation company considering building hydropower plants in three locations along a river basin
such that each location exhibits different characteristics which affect design limits and costs and in turn,
expected profits from the investment in the project. They include sources of uncertainty of electricity price
which follows a GBM and water flows modeled with a lognormal distribution. The authors’ advanced real
options approach investigates the value of delaying investment and adjusting design parameters (investing
in a certain scale of generation capacity) based on investment timing and is shown yield higher expected
profits in contrast to a traditional real options including only flexibility in investment decisions. Hach and
Spinler (2016) in their study of investments in natural gas capacities also include two sources of uncertainty:
stochastic peak-load electricity prices and natural gas prices. The paper focuses on incentives for a one-time
investment in a gas-fired generation project in the event of rising feed-in tariffs (FIT) for renewables when a
fixed and deterministic capacity payment for such an investment is set by the regulator (gas-fired generation
plants are becoming less profitable because of environmental concerns and incentives such as FITs but are a
good option to balance grid fluctuations at times of peak electricity demand). Lin and Wesseh (2013) analyze
the benefits of the FIT policy for solar power generation in China for additional deployment of solar PV (to
meet the installed capacity target of 35 GW). Using a real options approach with stochastic energy costs
and learning-by-doing in solar electricity generation, the authors find the overall value of the FIT policy to
justify the annual FIT expenditures paid to solar over the short run. Not surprisingly, the attractiveness of
continuing with the FIT policy as a means to make solar more competitive increases when external costs
such as CO2 emissions are considered (the Chinese government in its 12th Five-Year Plan has committed
to reducing carbon emission per unit of GDP by 40-45% by 2020 compared to 2005 levels). Our work can
be placed in this literature where we analyze the value of the option to switch to a greater use of wind and
solar in India considering costs such as levels of pollution and growing thermal coal imports.
To the best of our knowledge, studies analyzing energy switching from non-renewable to renewable energy
sources in the context of India using a real options approach have been limited. Recent works regarding
electricity demand in India include Muneer et al. (2005), Malik (2012), Nagavarapu and Sekhri (2014), Gupta
(2014), Chakravorty et al. (2014) and Baskaran et al. (2015). Muneer et al. (2005) analyzed the feasibility
of solar hydrogen based energy network (solar PV produced electricity supplied during the day such that
extra supply is stored in the form of hydrogen and utilized during nocturnal hours and overcast conditions)
for a sample of major cities of India and Chakravorty et al. (2014) empirically analyze the effect of improved
access of electricity for rural Indian households. Baskaran et al. (2015), using a model of political business
cycle and targeted distribution analyze the impact of elections on provision of electricity in India. Malik
(2012) analyzes the effect of restructuring of the Indian electricity sector (where state electricity boards
were transformed into state generation companies giving them more autonomy and specified production and
supply targets) on operating efficiency of coal-fired plants. Gupta (2014) studies the climate sensitivity of
electricity demand in India with the country experiencing growth in per capita incomes and concludes that
marginal effect of a hotter climate is greater when income is greater (according to the paper, this entails
16 For an analysis of the impact of policy risks such as a retrospective reduction in feed-in tariffs, resource risk and inflation
risk on renewable energy investments, see (Gatzert and Vogl, 2016).
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that electricity demand would increase by as much as 8.6% by 2030 over the scenario when temperatures do
not change). In the context of these studies, our contribution is novel in that in a country like India where
climate change plays havoc (unseasonal rainfall, floods and droughts) and where access to air-conditioning
and heating is extremely limited, arresting climate change is of paramount importance. Replacing imported
coal with renewables, apart from saving money to the exchequer, implies huge benefits in terms of pollution
and other social benefits. Moreover, this may kickstart the Indian government in investing more in wind
and solar (India is endowed with one of the highest solar radiations between 4.5-6.5 KWh/m2 17 ) with
eventually reaching its committed Paris agreement target of generating 40% of its electricity from non-fossil
fuel sources by 2030. This could entail abatement of some 275 million tons of CO2 and a reduction of
emissions by 33%-35% based on 2005 levels (PV Magazine (2015)).
The paper is organized as follows. We present some pertinent features of the Indian economy and its energy
sector and present the model with the main results. We then move on to issues and ideas for future research.
The final section concludes.

3
3.1

The Indian Economy and Electricity Sector
Brief Summary of Indian Economy

India, the second most populous country in the world after China (The World Bank (2017)), boasts of a
population of 1.27 billion. GDP growth rates were around 7% in recent years. The share of services has
been growing slowly with the figure being 52.5% for 2014 − 15.18 We present a summary of the basic and
key energy statistics for India in the following table 1 (Sources: Energy Statistics (2015), Energy Statistics
(2016), Ministry of New and Renewable Energy (2016), Central Electricity Authority (2016)). The Central
Statistics Office (CSO), Ministry of Statistics and Programme Implementation, predicts India’s GDP growth
at constant prices to be 7.6% for 2015 − 16 (thus overtaking China which grew at 6.9% in 2015).19 The
growth rate of Gross Value Added (GVA) for 2015 − 16 at basic prices at constant (2011 − 12) prices is
estimated to be 7.3% as opposed to 7.1% for the previous year 2014 − 15. This is mostly because of an
expected growth in the manufacturing GVA at basic prices: 9.5% growth in 2015 − 16 as opposed to 5.5% in
2014 − 15. The estimated growth in GVA for Electricity, Gas, Water Supply and other Utility Services for
2015 − 16 is 5.9% which is marginally higher than the figures for the previous year.20 Finally, for the fiscal
year 2015 − 16 at constant (2011 − 12) prices, the shares of Private Final Consumption Expenditure (PFCE)
and Gross Fixed Capital Formation (GFCF) is estimated to be 55.6% and 31.6% respectively of GDP.
Electricity consumption is on the rise in India. About 260 million or 21.3% of the population did not have
access to electricity until 2015 (The World Bank (2017)). Per capita electricity consumption was relatively
low in 2013 at 765 Kilowatt hours (KWh) and 805 KWh in 2014. As a comparison, per capita electricity
consumption was 12962 KWh for the US, 5131 KWh for UK and 3927 KWh for China in 2014.21 However,
17 Source:

Gupta and Ramachandran (2003).
Year is measured in India from 1st April- 31st March. GDP measured in market prices. Gross Value Added (GVA) at
factor cost + (Production taxes less Production subsidies) = GVA at basic prices; GDP at market prices = GVA at basic prices
+ Product taxes including import duties - Product subsidies. As per international practices, GDP at factor cost is no longer
reported and has been replaced with GDP at market prices. Base Year= 2011 − 12 (revised from 2004 − 05 as was previously).
Sources: Energy Statistics (2015), Energy Statistics (2016), Central Statistics Office (2016b), Central Statistics Office (2016a).
19 The International Monetary Fund (IMF)projects China’s GDP growth to be 6.6% in 2016 and 6.2% in 2017 down from
6.9% in 2015. GDP (volume) fell from 161.00 to 155.79 between 2015 and 2016 (International Monetary Fund Principal
Global Indicators (2016), International Monetary Fund (2016)). See also Cashin et al. (2016) who analyze the effect of a
negative GDP shock in China on world growth. They describe the Chinese economy as “rebalancing,” which means that the
contribution of consumption to real GDP growth is rising, that of investment is falling and those of exports are rising slowly
which all in all implies slowing GDP growth for China.
20 Growth in the hotels and restaurant and transportation and communication sector and in the sector of real estate and
professional services are estimated to relatively unchanged at 9.5 and 10 percent respectively.
21 Per capita electricity consumption for India increased to 1010 KWh as on 31st March, 2015. Sources: Central Electricity Authority (2015) and International Energy Agency (2016a).
18 Fiscal
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Table 1: India Statistics
Geographical Area
Population (Million)
Real GDP (Rs. Billion)
Growth Real GDP (%)
Per Capita Annual Real GDP (Rs.)
Growth Per Capita Real GDP (%)
Share in GVA at basic price at constant prices (%)
Agriculture
Industry
Mining and Quarrying
Manufacturing
Electricity, gas and
water supply
Construction
Services
Net Imports as % of GDP
Electricity Consumption (Utilities+Non-Utilities) GWh
Shares Gross Electricity Generation (Utilities) (%)
Hydro
Coal and Lignite
Gas
Oil
Nuclear
Renewable Energy Sources (RES)
Installed Generating Capacity (Utilities)-Total MW
Installed Generating Capacity (Utilities)-Coal & Lignite MW
Installed Generating Capacity (Utilities)-Wind MW
Installed Generating Capacity (Utilities)-Solar MW
Shares Domestic:Imported Coal in Electric Gen. (%:%)

2011-12
3.29 Million Sq.Km
1220
83760.39
na
71607
na

2012-13

2013-14

2014-15

2015-16

1235
92268.79
5.6
74712
4.3

1251
98394.34
6.6
78653
5.3

1267
105521.51
7.2
83285
5.9

–
–
–
–
–

18.5
32.5
3.2
17.4

17.8
31.9
3.0
17.5

17.5
31.6
2.9
17.4

16.3
31.2
3.0
17.1

–
–
–
–

2.3
9.6
49.0
6.6
785194

2.2
9.2
50.2
6.4
824301

2.2
9.0
51.0
1.8
881562

2.2
8.8
52.5
1.4
938823

14.15
66.4
10.11
0.29
3.5
5.56
199877
112022
16896.6
941.31
57.44 : 9.03

11.79
71.68
6.91
0.25
3.41
5.96
223344
130221
18484.99
1686.44
62 : 9.75

13.21
73.06
4.36
0.18
3.35
5.84
245259
145273
21136.4
2631.93
63.2 : 9.94

11.69
75.61
3.72
0.13
3.27
5.59
271722
164636
23444
3743.97
65.33 : 10.28

–
–
–
–
–
–
–
–
–
–
–
–
–
–
26866.66
6762.85
–

recent data and government and other sources suggest India’s electricity demand to increase rapidly in the
coming years. Growth in electricity generation was 7.93% in 2014−15 over the previous year 2013−14. With
a predicted GDP growth rate of greater than 7%, Buckley and Sharda (2015) estimate net electricity demand
to rise at 7% annually. The growth rate of electricity consumption from Utilities and Non-Utilities combined
grew by 8.26% between 2000 − 2010 and 6.33% between 2010 − 2015.22 Buckley and Sharda (2015) predict a
500 terawatt hours (TWh) average increase in net electricity demand to 1, 318 TWh per year until 2022. The
following figures 1 and 2 show the trends of electricity consumption from Utilities and Non-Utilities in recent
years. Focusing on the domestic and industrial sector corroborates the fact of an increase in manufacturing
and electricity GVA in past few years. The figures also show a marginal but steady increase in electricity
consumption for the agriculture sector.

3.2
3.2.1

Electricity Sector and Coal Imports
Electricity Generation and Installed Capacities

We focus our attention solely on electricity generation from Utilities. Gross electricity generation from
Utilities increased from 964, 489 GWh in 2012 − 13 to 1, 012, 1167 GWh in 2013 − 14 to 1, 105, 446 GWh in
2014 − 15. Growth rates (for electricity generation from Utilities) over last 2 years were 5.71% and 7.93%
22 A Utility is an undertaking or company with the primary purpose of generation, transmission and distribution of electricity:
these maybe owned by the Central or State governments, or private companies and cooperative organizations. Non-Utilities
are defined as Independent Power Producers who are not public utilities but owns facilities to generate electric power for sale
to utilities and end users. These maybe privately held facilities or cooperatives such as rural solar and wind energy producers.
Sources: Central Electricity Authority (2015), Energy Statistics (2015) and Energy Statistics (2016).
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Figure 1: Electricity Consumption-Utilities and Non-Utilities
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Figure 2: Electricity Consumption-Utilities and Non-Utilities-percent share
respectively.23 Figures 3, 4 and 5 show the trend in gross electricity generation for Utilities, its composition
for 2014 − 15 from respective sources and the trend (in percent shares) of installed generating capacities.24
Figures 3 and 5 demonstrate that both electricity generated and installed capacities in thermal (coal, gas
and oil) powered stations has been increasing. Total installed generating capacity (for Utilities) was 271, 722
MW for 2014 − 15 of which coal and lignite fired stations accounted for 60.59% followed by hydro and
RES25 of 15.19% and 13.17% respectively.26 A closer look tells the real story: electricity generated from
23 Gross generation of electricity from Utilities and Non-Utilities combined for 2013−14 was 1, 179, 256 Gigawatt hours (GWh)
(with Non-Utilities accounting for 13.28%) with a growth of 6.07% over the previous period. Source: Central Electricity Authority (2015).
24 To clarify, in figure 4, the share of electricity generated from Oil is 0.13%.
25 RES includes Small Hydro Power (SHP ≤ 25 MegaWatts (MW)), Wind, Biomass, Urban and Industrial Waste and Solar.
Source: Ministry of New and Renewable Energy (2016).
26 Growth in installed generating capacity for Utilities and Non-Utilities taken together between 2012 − 13 and 2013 − 14 was

8

1200000

Gross Electricity Generation in India (Utilities) in GWh

1000000
800000
600000

2011-12
2012-13

400000

2013-14
2014-15

200000
0

Figure 3: Gross Electricity Generation-Utilities
Share of Different Sources in Gross Generation of Electricity (Utilities)
2014-15
Oil Share (%)
0%
Gas Share (%)
4%

Nuclear RES Share (%)
5%
Share
(%)
3%
Hydro Share (%)
12%

Wind and Solar accounted
for 95% of generation of RES
in 2014-15

Coal and Lignite
Share (%)
76%

Figure 4: Shares-Gross Electricity Generation (Utilities) 2014 − 15
coal and lignite27 is increasing at a very fast pace with parallel additions in installed generating capacities
in Renewable Energy Sources (RES) as evidenced with small but steady increases in its percentage share
in figure 5. India, with relatively small installed capacities in gas and nuclear (installed capacity for oil is
negligible) has seen no increases in generation from these sources. On the other hand, the installed generating
6.75%. The corresponding figure for Utilities was 9.81%.
27 Lignite or ‘brown coal’ has a relatively low Gross Calorific Value (GCV) and is used mostly for electricity generation.
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Figure 5: Installed Generating Capacity-Utilities-percent share
capacity for hydro increased at a slow pace averaging a mere 1.89% over recent years. Thus athough we see a
fall in the percentage share of hydro installed generating capacity in figure 5, its share remains significant in
electricity generation (around 12% in recent years). The shares in electricity generation for various sources
over recent years replicates figure 5: shares in gross electricity generation (utilities) for coal and lignite and
RES show a rising trend. Figure 4 shows the shares of different sources in electricity generation for our
principal year for this work 2014 − 15. The share of coal and lignite is the highest at 75.61% followed by
hydro (11.69%) and RES (5.59%).
Although there has been a rise in installed generating capacities in coal and lignite fired stations, the rise in
installed capacities for RES is notable. Figure 6 shows the rise in the installed generating capacity of RES
powered stations. It is interesting to note the rise in installed capacity of wind and the sharp increase in
solar. Installed generating capacities for solar increased from a very low 32.39 MW in 2010 − 11 to 3743.97
MW in 2014 − 15 (over 2011 − 12 to 2014 − 15, average growth in capacity addition has been a huge 45.13%;
the largest being between 2011 − 12 and 2012 − 13 at 56.71%). On the other hand, capacity additions for
wind has grown at an average of 10.9% over 2011 − 12 to 2014 − 15. As per most recent data, solar and
wind added 3.02 Gigawatt (GW) and 3.43 GW in generation capacities between 2014 − 15 and 2015 − 16.
Not surprisingly, as shown in figure 4, wind and solar accounted for about 95% of generation from RES in
2014 − 15.
3.2.2

Coal Imports

India accounted for about 6.8% of global coal reserves as of 2013 and total reserves stood at 306.6 Billion
Tons for 2014 − 15.28 For 2013 − 14, about 85.39% of India’s proven coal reserves were estimated to be noncoking coal with the balance comprising of multiple grades coking coal (Coal Directory of India (2013-14),
Coal Statistics, Ministry of Coal, Government of India). But a cause of concern for the Indian government
is the rising coal imports over recent years (India has always been a top coal importer and in 2015, became
the largest net importer of coal overtaking China; IEA Key World Energy Statistics, 2016) and more so, the
increasing imports of non-coking or thermal coal. Of the 75.61% of domestically generated electricity from
coal and lignite for 2014 − 15, the shares of domestic and imported coal were 65.33% and 10.28% respectively
(as a share of coal consumption for Utilities for electricity generation, the share of imported coal rose from
14.1% in 2002 − 03 to 45.5% in 2012 − 13). Table 2 shows summary figures for domestic coal production
28 The US accounts for the largest share of global coal reserves of 26.6% followed by Russia (17.6%), China (12.8%) and
Australia (8.6%). Sources: Energy Statistics (2016) and Coal Directory of India (2015).
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Figure 6: Growth of Generating Capacity-RES. Source: CEA Report, Ministry of Power, Government of
India, 2015 Chart 8B: Modewise Growth of Generating Capacity of RES during the 12th Plan
Table 2: India Coal Statistics
Domestic Coal Prodn. (Mt)
Growth Domestic Coal Prodn. (%)
Demand excess Coal Prodn. (Mt)
Coal Imports (Mt)
Coking Coal Share-Total Imports (%)
Non-Coking Coal Share-Total Imports (%)

2007-08
457.082
6.1
–
49.79
44.2
55.8

2008-09
492.757
7.8
–
59
35.7
64.3

2009-10
532.042
8
73.255
73.26
33.7
66.3

2010-11
532.694
0.1
68.918
68.92
28.3
71.7

2011-12
539.95
1.4
102.853
102.85
30.9
69.1

2012-13
556.402
3.0
145.785
145.79
24.4
75.6

2013-14
565.765
1.7
166.857
166.86
22.1
77.9

and imports over recent years. Indian coal exports were a mere 2.19 Million Tonnes (Mt) and 1.24 Mt in
2013 − 14 and 2014 − 15 respectively.
It must be noted that growth in domestic coal and lignite production was 7.9% and 8.6% respectively over
the years 2013 − 14 and 2014 − 15. But the rise in domestic coal production is mostly because of a rapid
increase in coking coal production.29 Coking coal is primarily used for iron and steel and metallurgical
industries while non-coking coal and lignite is mainly used for electricity generation (other uses being in
the cement and brick manufacturing industries). Quality of non-coking coal is determined by its moisture
and ash content: Indian domestic coal suffers from a relatively high moisture and ash content (which makes
it of inferior grade as compared to imported non-coking coal).30 Coal imports for India increased by four
times from 49.79 Mt in 2007 − 08 to 212.1 Mt in 2014 − 15 (with an increase of 27.12% from previous year
29 India’s short term target is to increase total coal production to more than 700 Mt per annum and to 1000 Mt per annum
by 2019 − 20. Assuming 8% growth in coal production per annum, domestic coal production would be 712 Mt or 30% below
the target for 2019 − 20. Source: Buckley and Sharda (2015).
30 For non-coking coal, ash and moisture content determines the “Gross Calorific Value (GCV)” (Kcal/Kg) and is the most
important measure as this type of coal is predominantly used for power generation. The higher GCV the better the grade.
Imported coal has higher GCV ranging from 3400 − 6500 Kcal/Kg whereas GCV for domestic coal ranges from 3400 − 5200
Kcal/Kg. Imported coal is also lower in ash content compared to domestic coal at less than 15%. Altogether, the heat content
is higher for imported coal vis-a-vis domestic coal: an increase in heat content of coal reduces the amount of coal required per
unit of electricity but not the heat energy required- as the reduction in quantity does not fully offset the increase in the heat
content of coal. Operating Heat Rate(OPHR) ≈ Coal per KWh x Heating Value of Coal (Malik (2012)).
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2014-15
612.44
7.9
–
212.1
–
–

2013 − 14): India’s annual coal import bill from coal rose from US $ 12.4 bn in 2011-12 to more than US
$ 14.5 bn in 2013-14. This is evident from the non-coking coal share of total coal imports which rose from
55.8 % in 2007 − 08 to close to 80% in 2014 − 15% (figure 7). An increase in demand mostly because of
unabated capacity additions in coal and lignite fired plants (installed capacity increased from 71.1 GW in
2006 − 07 to 164.6 GW in 2014 − 15) with a slow increase in domestic non-coking coal production caused
a rapid increase in thermal coal imports. Table 2 shows the gap between demand and production for coal
in India; for the terminal year of the 12th Plan 2016 − 1731 , expected coal demand is 980.5 Mt and with
expected coal production at 795 Mt, imports are predicted to be 185 Mt (Anand, Prasad (2013)). Figure 7
shows the paths of production and imports for coking and non-coking coal and its share in total imports of
coal.
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Figure 7: Coal Production and Imports
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is currently in the 12th Plan: 2012 − 17.
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4
4.1
4.1.1

Model and Results
Model
Framework

The variable capturing uncertainty in our model is international coal prices. We represent changes in
international coal prices as a Geometric Brownian Motion (GBM) which can be approximated via a multiperiod binomial process as in Lin and Wesseh (2013). Following Dixit and Pindyck (1994) and Detert and
Kotani (2013) we represent a GBM with drift for international coal prices and apply a discretized version of
the process. A stochastic price process following a GBM can be shown as
dPc = αPc dt + σPc dz

(1)

where Pc is the global price of coal, α and σ are constants depicting the rates of drift and variance and dz
is a standard Wiener process defined as
√
(2)
dz = t dt
where t ∼ N (0, 1). Furthermore, as in Miranda and Fackler (2002) and Hull (2012), we can approximate
the above process
by using a binomial lattice such that the change in price through an upward movement is
√
given by u = eσ ∆t , change in price through a downward movement as d = 1/u, and the probabilities of an
α∆t
upward and downward movement by p = e u−d−d and 1 − p respectively.
We use Quarterly data from 1980 to 2016 for global price of coal per ton (nominal US dollars) for benchmark
Australian coal export prices (Source: Federal Reserve Bank of St. Louis (2016)). Indonesia and Australia are
the biggest exporters of coal whereas China and India are the largest importers (International Energy Agency
(2016a)). Moreover, to see whether coal prices follow a GBM, we check the existence of a unit root in the
global price of coal and carry out an augmented Dickey Fuller test (Detert and Kotani (2013)). Summary
statistics and the results of the augmented Dickey Fuller unit root test are presented in table 3. The results
Table 3: Coal Price (US $) Summary Statistics and Dickey Fuller Test
Obs.
Mean
Std. Dev.
Min
Max
Augmented Dickey Fuller Test Results
t-statistic*
p-value
*Critical Values: 1% level = -3.5482; 5% level= -2.9126; 10% level= -2.594

145
51.59
29.44
24.45
174.43
-1.3493
0.6086

from table 3 imply that the null hypothesis of a unit root cannot be rejected at significance levels 10%, 5%
or 1%. So we can proceed with the assumption that global coal prices follow a discretized version of GBM.
Then the discretized version of equation 1 setting dt ≈ ∆t = 1 and dPc ≈ Pc,t+1 − Pc,t becomes
Pc,t+1 = Pc,t + αPc,t + σPc,t t

(3)

Using Ito’s Lemma, we know if coal prices follow GBM, then F (Pc ) = lnPc follows a simple Brownian motion
as


1
(4)
dF = α − σ 2 dt + σdz
2
or writing lnPc = pc we get in discrete time


√
1 2
pc,t+1 − pc,t = α − σ ∆t + σt ∆t
(5)
2
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Adhering to Detert and Kotani (2013), we use the maximum-likelihood
estimates of α and σ. Assuming

global coal prices follow a GBM, we will have α = µ + 12 s2 and σ = s where µ and s are the mean and the
standard deviation respectively of pc,t − pc,t−1 . For our data, this gives yearly estimates α = 0.02958 and
σ = 0.20568. These will be applied in the following real options analysis. We show the path for benchmark
Australian coal export prices and sample simulated paths (assuming GBM) in figure 8. GBM1 is generated
with an initial price of US $ 10 per ton and GBM2 with an initial price of US $ 25 per ton of coal. Looking at
the data, we see that global coal prices were relatively low and steady around US $ 25 − 38 per ton between
the third quarter of 1983 and 1989 and between US $ 25 − 34 per ton during 1998 − 2003. Increases in coal
prices were seen during the early 1980’s, 2008 and 2010 − 11 with the maximum value reached in the third
quarter of 2008 of US $ 174.43.

Figure 8: Coal Prices (US $/ton): Data and Simulated GBM Paths
4.1.2

Solving the Model

We move on to defining the revenue function for electricity generated using imported coal.32 Our goal is to
find a “trigger” price of coal such that this amount of electricity could be generated using wind and solar.
The situation can be depicted as
π1,c,t = pe qe l1 − Pc,t Qc − D
(6)
32 This work differs in a fundamental way from Detert and Kotani (2013) in that we do not consider replacing the sum of
total electricity generated and electricity imported with wind and solar. As stated before, the problem of doing away with
imported coal and replacing that share of electricity from renewable sources is a pertinent problem. Future research can also
focus on increasing the share of wind and solar in electricity generation such that the share of domestic coal further declines
from current levels.
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where π1,c,t represents revenue, pe is the domestic price of electricity, qe is the quantity of electricity generated
using imported (non-coking) coal, l1 is the capacity utilization or plant load factor of coal and lignite based
power plants, Pc,t is the price of coal at time t, Qc is the amount of imported coal used for electricity
generation and D is the externality caused from coal-fired plants used for power generation.33 The revenue
function from replacing imported coal with wind and solar is written as π2
π2 = pe qe − C

(7)

where C represents operating cost of wind and solar power. Note that the structure of the problem is such
that qe is fully generated by using wind and solar in the new regime and that externality costs are zero. The
cost of switching from the current regime to the new regime (doing away with imported coal) is denoted as
a one-time sunk investment cost I and will be introduced in later equations.
The optimal timing and the trigger price for making investments in wind and solar for India in order
to completely replace imported coal in electricity generation is presented as an optimal stopping problem
(Dixit and Pindyck (1994)) where one alternative corresponds to stopping the process to take a termination
payoff and another alternative entails continuing for one more period when a similar binary choice would be
available. In our case, the optimal stopping problem is shown as the following Bellman equation
Vt (Pc,t ) = max{EN P V2 , π1,c,t + ρE (Vt+1 (Pc,t+1 )|Pc,t )}
such that


EN P V2 =

ρ − ρTws +1
1−ρ

(8)


π2 − I

(9)

where Vt represents the value of the option, EN P V2 is the expected net present value from switching to
regime 2 with revenues as in equation 7 and ρ is the discount factor. Studying equation 6, there will be a
cutoff Pc,t ∗ (say) such that stopping the process and switching to regime 2 yields the max on one side of
Pc,t ∗; on the other side of Pc,t ∗, continuing for one more period and receiving the sum of the continuation
value π1,c,t and the discounted value is optimal. The optimal stopping problem is depicted such that the
social planner has T years to decide whether to keep using imported coal or incur the investment cost I
and switch to using wind and solar. Tws represents the number of years wind and solar energy would be
used after making the investment and Tc represents the number of years imported coal would be used after
the end of the decision period T . Since the problem has a finite horizon T (the number of decision periods
available to the social planner), VT is known and the problem is solved by working backwards. From T to
the initial period, the social planner evaluates the attractivness of continuing with the current regime of
using imported coal or switching to wind and solar every year. The optimal timing for making the switch
T
such that for t,
is characterized by a trigger price as for every period t, there will exist a trigger price Pc,t
34
T
switching is optimal if Pc,t > Pc,t . Table 4 gives the baseline parameters.

4.2
4.2.1

Results
Main Results

We use the program Mathematica to obtain our results. Figure 9 presents the results of running the model
with the baseline parameters from table 4.
33 Data from Cost Assessment of Sustainable Energy Systems (2008). The other way of measuring externality could be from
CO2 emissions from fuel combustion from electricity and heat production (from using coal). See International Energy Agency
(2016b). The problem is that data on price of CO2 /ton for India is hardly available.
34 Data obtained from Central Electricity Authority (2015), Energy Statistics (2015), Energy Statistics (2015), Power Finance
Corporation (2015), Cost Assessment of Sustainable Energy Systems (2008), Shrimali et al. (2015), Detert and Kotani (2013),
Anand and Prasad (2013), Business Standard (2013), Ministry of New and Renewable Energy (2016), Central Electricity
Authority (2016), International Renewable Energy Agency (IRENA) (2015), Gambhir et al. (2012), Solar Energy Corporation
of India (2015).
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Table 4: Baseline Parameters: Year 2013-14
pe (Rs./KWh)
qe (GWh)
l1
l2
Qc (Mt)
D (Rs. Billion)
C (Rs. Billion)
I (Rs. Billion)
T
Tws
Tc
ρ
α
σ
1 GWh= 106 KWh
Exchange Rate: 1 US $=Rs. 63.56, 1 Euro=Rs.70.55 (Source: Federal Reserve Bank of St. Louis (2016))

4.37
101467.8
0.655
0.231
77.514
428.194
387.607
12968.52
50
50
50
0.975
0.02958
0.20568

Value
1000
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Coal Price

-7000

-8000

V0
VT

-9000

-10 000

-11 000

Figure 9: Option Values at times 0 and T
Figure 9 depicts the case of negative option values for both curves at time 0 (today) and at T or the end
of the decision period. This can be attributed to subsidized electricity prices with high levels of subsidies
especially to agricultural consumers, which coupled with high ATC losses, yields high losses to distribution
companies. Losses for state utilities selling electricity directly to consumers increased from Rs. 261.18 Billion
in 2009 − 10 Rs. 637.65 Billion in 2013 − 14 (Power Finance Corporation (2015)). In India, distribution
utilities or companies can be either government-owned or private: however, these companies procure the
rights for distributing electricity to a particular region in a given state through the process of tariff based
competitive bidding. The State Electricity and Regulatory Commissions (SERCs) oversee the process and
revise the applications; and after the selection process the SERC is responsible setting the tariff to be faced
by consumers (domestic, agricultural, industrial etc.).35 The analysis of figure 9 shows that the value of
the investment opportunity today is higher than the value of the investment opportunity at the terminal
period: thus there is a positive value to waiting. From figure 9, the benefit of the option to wait or the
vertical distance between V0 and VT is relatively smaller for low global coal prices and then increases as coal
35 As

of 2013 − 14, India was divided into 28 States and 7 Union Territories. There were at least 55 distribution utilities (state
owned and private) selling electricity directly to consumers across five regional grids. To arrive at the figure for the price of
electricity in table 4, we take the country wide average.
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prices increase. The trigger price is the price of coal that will “trigger” investment today in greater solar and
wind energies such that energy generation from imported coal is completely replaced with wind and solar
(equations 6 and 7). The trigger price will thus correspond to when the value of waiting is zero or V0 and
VT intersect (after the intersection, V0 and VT are both equal to the constant EN P V2 ). Figure 9 shows the
trigger price to be Rs. 3294.5 or US $ 51.83 per ton of coal when the social planner makes the investment
incurring the cost I.
Note that the above baseline result is obtained assuming that solar and wind do not face any efficiency loss
in electricity generation. But solar and wind in general have a lower capacity utilization factor compared
to coal: Shrimali et al. (2015) estimate capacity utilization factors for solar and wind to be 20.5% and 25%
respectively.36 The average capacity utilization factor for coal on the other hand is 65.5% (table 4; efficiency
factor for coal was the highest for India between the years 2006 − 07 to 2009 − 10 at an average of 77.57%).
Taking the weighted average of the capacity utilization factors for solar and wind and modifying equation 7
we get
π2 = pe qe l2 − C
(10)
where l2 is the capacity utilization factor or efficiency factor associated with wind and solar use in electricity
generation (we provide the value in table 4). Thus modifying the baseline case should also imply a change
in the trigger price. We present this case with including a fall in the efficiency factor in figure 10.
Value
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-10 000
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-14 000
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-16 000
-18 000
-20 000

Figure 10: Option Values at times 0 and T (including l2 )
The trigger price increases to Rs. 9213.36 or US $ 144.96 per ton of coal when the social planner will make
the investment. This is understandable as the social planner will wait to invest until a higher price of coal
is reached to compensate for the loss of efficiency factor when switching to a greater use of wind and solar.
Similar to figure 9, figure 10 shows that the value of the option (to invest) having T years to decide always
exceeds the value of the option of a now-or-never decision. Finally, the value of waiting falls to zero when
the two curves intersect at the trigger price of US $ 144.96 per ton of coal.
Now, keeping in mind India’s goal of reaching 160 GW of capacity from wind and solar by 2021 − 22 (from
data on current capacity additions and our best estimates, it is an overtly optimistic target), we change the
time horizon of the above problem to 10 years. That is to say, India has 10 years to completely replace
imported coal with wind and solar in electricity generation thus entailing that the share of coal and lignite
(in electricity generation) falls to about 65% and that of wind and solar increases to about 15%. We further
assume that imported coal can be used in electricity generation for 20 more years after the terminal period
36 Capacity utilization rates for wind are between 30% to 35% in the US and Australia; for new onshore wind power projects
in 2014, the global average capacity factor was estimated to be around 35%. Sources: Buckley and Sharda (2015), International
Renewable Energy Agency (IRENA) (2015).
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T and that wind and solar based electricity generation would also last for 20 more years after making the
investment. So with new T = 10, Tc = Tws = 20 we have the figure
Value
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-10 000
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Figure 11: Option Values at times 0 and T (changing the time horizon)
where the value of the option to invest in wind and solar in a now-or-never scenario exceeds the value of
the option of having many decision periods or T years. So, with a shorter time horizon of 10 years, India
would be forced to incur the cost I right now and replace imported coal with wind and solar to generate
electricity. The benefit of the option to wait is always negative and becomes zero with relatively higher coal
prices. Intuitively, we can explain this as a ‘pressure’ when the Indian government, operating with 5-year
plans is always faced with relatively short term targets. On the background of the recent concern of the
Indian government of its growing coal imports (and definite goals to address it such increasing domestic
coal production and building rail infrastructure to ensure better and faster evacuation of coal from mines or
washeries to plants) and its committment to the Paris climate change agreement, India is better off investing
more in wind and solar right away and replace imported coal sooner rather than later. Waiting, depending
on volatile coal prices, accrues zero or negative values to the social planner. Expectedly, when including the
fall in efficiency factor or l2 , we get the same result that VT always exceeds V0 implying the value to waiting
is negative. This makes sense because taking into account the fact that wind and solar are far less efficient
in producing electricity compared to coal, investment should be made right away so that more years until
the end of the decision period means more capacity is likely to be built. Besides, other factors which are
out the scope of this work are increases in the capacity utilization factors of wind and solar (Shrimali et al.
(2015) predict efficiency factor of wind to increase to 29% for India): a longer time period to build more
capacity and increases in their efficiency factors would likely cause a greater proportion of electricity to be
generated from wind and solar.
4.2.2

Special Cases

We include two special cases of when India produces 20% of its electricity from wind and solar by 2030 and
according to India’s commitment to the Paris agreement, when 40% of electricity is generated from non-fossil
fuel sources by 2030. For exposition, we assume this 40% to be sourced from wind and solar. That is, for
both cases, we present the scenarios that India replaces more than the share of imported coal (i.e. imported
coal and some of domestic coal)37 with wind and solar to produce electricity. We change relevant parameters
in table 4 and for both cases we take that the number of years that coal infrastructure lasts after the decision
period and that wind and solar technologies are effective after making the investment spending I to be 20
years, i.e. T = 15, Tc = Tws = 20. We show the option values for the two cases in figure 12.
37 Assuming

that the share of imported coal in electricity generation does not increase.
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Figure 12: Option Values for 2030: Wind & Solar share: 20% (top); Wind & Solar share: 40% (bottom)
Figure 12 resembles earlier cases that the value of the option to invest in wind and solar in a now-or-never
scenario exceeds the value of the option of having many decision periods until the year 2030. This can once
again be explained because of the shorter time horizon to make a decision whether to invest greater amounts
in wind and solar technologies. VT is always above V0 and interestingly for both scenarios, intersect at Rs.
6106.14 or US $ 96.07 per ton of coal. Including the drop in capacity utilization factor from use of wind and
solar yields qualitatively the same result for both scenarios (the only change being the point of intersection
between VT and V0 ).
We concentrate a little more on the case when 40% of electricity for India is generated from wind and solar
by 2030. This requires huge investment to the tune of Rs. 34250.6 Billion (US $ 538.87 Billion) and capacity
additions of more than 250 GW of solar and 100 GW of wind. This does not seem to be practical from
India’s point especially with land constraints to build solar PV, solar thermal or wind projects.38 We modify
38 The Ministry of New and Renewable Energy (MNRE) has approved 33 solar parks in 33 states with a cumulative capacity
of 19.9 GW as of March, 2016. The most promising way to add solar capacity seems to be solar rooftop with expected capacity
additions of at least 37 GW in the next years. Source: Bridge to India (2016). Solar thermal technology, although potentially
being able to store and supply energy around the clock, faces much higher capital expenditure costs compared to solar PV. On
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the case for India aiming to generate 40% of its electricity from non-fossil fuel sources by changing the time
horizon to 50 years or the baseline case (T = Tc = Tws = 50). We demonstrate the case in figure 13.

Figure 13: 40% from wind and solar by 2065 (top); 40% from wind and solar by 2065 including l2 (bottom)
We see that the trigger price is now Rs. 4046.83 or US $ 63.67 per ton of coal. Including the drop in capacity
utilization factor from switching to wind and solar yields a trigger price of Rs. 9213.36 or US $ 144.96 per
ton of coal. This is understandable as to invest such large amounts in alternative technologies, India would
need a sufficiently long time horizon to make a decision and also a long enough time horizon of staying with
wind and solar after the decision period.39 That is to say, if greater amounts of wind and solar needs to be
in the electricity generation mix, the social planner needs to exploit those technologies for a long period in
order to get a high expected net present value when evaluating the option to switch every period. So the
previous results of when the value of a now-or-never decision exceeded the value of many decision periods
can be attributed to not only the ‘pressure’ of switching to wind and solar in a relatively short horizon
but also because of the short period of time that wind and solar technologies are effective after making
the switch incurring the cost I. So we would expect that India, if strictly bound by the Paris agreement
targets of generating 40% of electricity from non-fossil fuel sources by 2030 would have to invest greater
the other hand, with a lack of efficient storage for wind energy and thus dependence on nature, capacity additions for wind are
less likely to be at a huge scale.
39 We explored cases with 20, 30 and 40 year time horizons (that is, not to stretch the Paris committment targets too much)
and the answer was always that the value of a now-or-never decision exceeded the value of many decision periods.
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amounts in hydro and nuclear and other renewable sources such as small hydro and biomass.40 Hydro and
nuclear together accounted for 14.96% of electricity generation (with share of hydro at 11.69%) in 2014 − 15:
efforts should be made to increase it close to 25%-30% such as not to leave India with insurmountable and
impossible amounts to invest in wind and solar by 2030.

5

Limitations and Future Research

The main question addressed in this work was how a social planner solution based on certain threshold
(“trigger”) prices would encourage greater investment in wind and solar technologies if India were to do
away completely with coal imports in its electricity generation. Based on unit root test, we proceeded
with the analysis that global coal prices follow a Geometric Brownian Motion (GBM). One of the obvious
extensions would be to see if modeling coal prices according to a mean-reverting process makes any difference:
Dixit and Pindyck (1994) argue that world prices of raw commodities should somehow to related to their
long run production costs and Detert and Kotani (2013), also analyzing coal prices, find trigger prices on
average being lower for mean-reverting process contrary to GBM. However, coal refers to a whole range of
combustible sedimentary rock materials which is then then divided on quality scales of Hard Coal and Brown
Coal: a third subdivision of Hard Coal is non-coking or thermal coal which is further categorized as good
or poor quality based on its Gross Calorific Value (GCV).41 Furthermore, concentrating on non-coking or
thermal coal, which is the focus of this paper and based on data from the Atlantic and Pacific markets, prices
for each grade of thermal coal are highly volatile and depends on exchange rates, bunker prices (Capesize,
Panamax)42 and policies adopted by some of the biggest exporters such as Indonesia, Australia and South
Africa. Due to data availability, we only consider benchmark Australian coal export prices as a proxy for
average global coal prices and thus randomness, such as in a GBM, is a reasonable assumption.
A possible avenue for future research can include the effects of learning-by-doing in solar electricity generation
(Lin and Wesseh (2013)). Buckley and Sharda (2015) estimate solar levelized costs to have fallen to Rs.
6.17/KWh (US 9.71c/KWh) from previous levels of Rs. 6.49/KWh (US 10.21c/KWh) and in July 2015,
the state of Telengana accepted 2 GW of solar auctions at Rs. 5.27/KWh (US 8.29c/KWh). Onshore wind
is the most cost-effective renewable energy in India with power purchase agreements (20-25 years for India
signed between the generator and offtaker such as a distribution utility) ranging between Rs. 3.39-6.50/KWh
(USc 5.33-10.23/KWh) and levelized costs of USc 8/KWh for large-scale projects (IRENA, 2015). Moreover,
Shrimali et al. (2015) predict capacity utilization factor for wind in India to increase from 25% at present
to 29% (increase in hub height from 80m to 120m) which would further reduce levelized costs but would
also raise capital costs. Working with a stochastic process in global coal prices and a time-dependent path
in the fall in levelized costs of wind and solar would be interesting: we expect the trigger price to decline
on average although it would depend on the difference in the magnitude of volatility (of the stochastic
process) and rate of decline in the levelized cost. Finally, it must be noted that we focus on about 80.92%
of electricity generation coming from coal and lignite and wind and solar; if India were to comprehensively
address pollution, inefficient and old coal fired plants, the growing coal import bill and huge technical and
commercial losses, additional expenses in upkeep of the electricity grid and smart-metering is necessary.
These costs should also be included in the cost of switching to greater amounts of renewables in electricity
generation. Furthermore, the shares in the electricity mix of other non-fossil fuel sources such as nuclear
and hydro may also rise in the future and thus an ideal method would be to have the revenue functions in
equations 6 and 7 incorporating total electricity generated in the economy. And then have the equations as
two stochastic regimes with a decline in the share of coal. Because of the complexity of the problem, it is
however difficult to arrive at meaningful conclusions.
40 Installed capacities for Small Hydro and Biomass on March, 2016 stood at 4.27 GW and 4.83 GW respectively. Source:
Central Electricity Authority (2016).
41 Hard Coal is further subdivided into Anthracite and Bituminous Coal and Bituminous Coal further comprises of Coking
and Non-Coking Coal; Brown Coal is basically Lignite. Source: Coal Directory of India (2015).
42 Platts (2016).
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6

Conclusions

The main question addressed in this work is if India can do away with imported coal with greater use of
wind and solar technologies in electricity generation. Indian coal imports stood at 212.1 Million Tons (Mt)
at 2014 − 15, a steep increase of 27.12% from previous year 2013 − 14 (fiscal year in India is from 1st April
to 31st March). A greater cause of concern for the Indian government is the rising share of thermal coal
(which is used for producing electricity) in the share of total coal imports. This share went up from 55.76% in
2007−08 to 77.9% in 2013−14. The reason behind rising thermal coal imports is unabated capacity additions
for coal and lignite fired plants from a little more than 112 GW in 2011 − 12 to 185.17 GW in 2015 − 16
(as per latest data available)43 and the inability of domestic coal production to rise at the same pace (India
has a target to increase coal production to 1000 Mt by 2022 from 612.44 Mt in 2014 − 15). Unsurprisingly,
the share of electricity generated from imported coal has risen gradually from 9.09% in 2011 − 12 to 10.28%
in 2014 − 15. With predicted growth rates of 7.6% for 2017 by the government’s Central Statistics Office
(CSO), electricity demand across all sectors (domestic, commercial, agricultural) is expected to rise. The
question then becomes is to what extent can wind and solar technologies support this increased electricity
demand such that India can completely eliminate its dependence on imported coal?
The share of renewable energy sources in total electricity generation was steady at around 5.6% over the past
4 years. Our estimates show the shares of wind and solar technologies together to be at 5.31% for 2014 − 15.
Assuming somewhat conservative growth rates of 6% for India over the next 50 years (this is a baseline case
and we change the time horizon and other parameters in later cases), we see how volatile global coal prices
can ‘trigger’ more investments in wind and solar such as to replace its share in the electricity generation
mix. Using a real options analysis we find that waiting to make this extra investment in wind and solar is
beneficial: this kind of problem with stochastic global coal prices renders a situation that the social planner
evaluates the investment opportunity every period based on the additional information it receives. Finally,
we find that the value of the investment opportunity today (with 50 more years to decide whether or not to
invest) is equal to the value of a now-or-never decision at a trigger price of Rs. 3294.5 or US $ 51.83 per
ton of coal. Now including the fall in the efficiency factor from using more wind and solar (coal and lignite
fired plants have an efficiency factor of 65.5% and wind and solar projects an average efficiency factor of
23.1% in our model), we find the trigger price to increase to US $ 144.96 per ton of coal. This is explained
by the fact that the social planner would need to be compensated by a higher world price of coal for the loss
in efficiency when switching to a greater use of wind and solar. Finally we explore the case of India’s Paris
climate agreement targets of meeting 40% of its electricity needs from non-fossil fuel sources by 2030. We
find that with a shorter horizon of 15 more years to decide whether to invest in additional wind and solar
capacities, the value of a now-or-never investment opportunity exceeds the value of having many decision
periods. So India would be better off investing greater amounts in building wind and solar capacities right
away rather than waiting. However, extending the time horizon to 50 years (i.e. year 2065) for India to meet
its goal of generating 40% of its electricity from non-fossil fuel sources, we find the trigger price to increase
from the baseline case of US $ 51.83 to US $ 63.67 per ton of coal. An interesting avenue for future research
would be to include the effects of learning-by-doing in solar electricity generation (with probable additions
in efficient storage methods such as molten salt for solar thermal plants) and expected improvements in the
capacity utilization factor for wind energy in India.
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