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The Council on Energy, Environment and Water (http://ceew.in/) is an independent, not-for-
profit policy research institution. CEEW addresses pressing global challenges through an
integrated and internationally focused approach. It does so through high quality research,
partnerships with public and private institutions, and engagement with and outreach to the
wider public. In June 2013, the International Centre for Climate Governance ranked CEEW
15™ globally in its first ranking of climate-related think-tanks and number 1 in India. In
January 2014, the Global Go To Think Tank Index ranked CEEW 1* in India in three
categories.

In little over three years of operations, CEEW has engaged in more than 45 research
projects, published 20 peer-reviewed policy reports and papers, advised governments around
the world over 50 times, engaged with industry to encourage investments in clean
technologies and improve efficiency in resource use, promoted bilateral and multilateral
initiatives between governments on 17 occasions, helped state governments with water and
irrigation reforms, and organised more than 45 seminars and conferences.

Among its major completed projects, CEEW has: published the 584-page National Water
Resources Framework Study for India’s 12th Five Year Plan; written India’s first report on
global governance, submitted to the National Security Adviser; undertaken the first
independent assessment of India’s 22 gigawatt solar mission; analysed India’s green
industrial policy; written on the resource nexus and on strategic industries and technologies
for India’s National Security Advisory Board; facilitated the $125 million India-U.S. Joint
Clean Energy R&D Center; published a business case for phasing down HFCs in Indian
industry; worked on geoengineering governance (with UK’s Royal Society and the IPCC);
published reports on decentralised energy in India; evaluated storage technologies; created
the Maharashtra-Guangdong partnership on sustainability; published research on energy-
trade-climate linkages for the Rio+20 Summit; produced comprehensive reports and briefed
negotiators on climate finance; designed financial instruments for energy access for the
World Bank; designed irrigation reform for Bihar; and a multi-stakeholder initiative to target
challenges of urban water management.

Among other initiatives, CEEW’s current projects include: developing a countrywide
network of hundreds of firms and stakeholders for energy access (an idea endorsed by Prime
Minister Singh and President Obama in September 2013); modelling India’s long-term
energy scenarios; supporting the Ministry of Water Resources with India’s National Water
Mission; supporting the Planning Commission on industrial water; modelling exercises on
energy-water linkages; a business case for greater energy efficiency and emissions reductions
in the cement industry; etc.



CEEW’s work covers all levels of governance: at the national level, it covers resource
efficiency and security, water resources, and renewable energy; at the global/regional level,
these include sustainability finance, energy-trade-climate linkages, technology horizons, and
bilateral collaborations, including with China, Israel, Pakistan, and the US; and at the
state/local level, CEEW develops integrated energy, environment and water plans, and
facilitates industry action to reduce emissions or increase R&D investments in clean
technologies.
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Nuclear energy for power generation is expected to be a vital pillar of India's energy policy
as well as emission mitigation strategy. However, there are divergent views from various
quarters about the risk and liability associated with nuclear power plants. Risk mitigation
through alternative measures increases the capital and operational costs of nuclear power.
We undertake a cost sensitivity analysis within an integrated assessment modelling
framework, for nuclear power generation and present its implications for India's energy and
climate policy in the long run. We find that nuclear energy is competitive when risk induced
costs are low under non-climate intervention (i.e. BAU) scenarios. However, even in BAU,
nuclear energy deployment is seriously curtailed under higher risk induced costs.
Consequently, fossil energy takes higher share, thus increasing the emissions substantially.
Interestingly, nuclear liability off sets climate liability under climate policy scenarios. We
find that nuclear energy is competitive, in the long-run, even under high risk induced costs if
global climate stabilization policies corresponding to global 2 degree C stabilization target
are pursued. Reaching emission mitigation targets however becomes much more expensive as
a result of higher nuclear energy costs. Our results suggest need for credible risk assessment
and more effective communication to reduce the risk perception gap between supporters and
skeptics of nuclear energy to delineate an optimal role for nuclear technology in the Indian
energy system.






Implications of Risk Perceptions for Long Term Future of Nuclear Energy in Indiall

India's energy demand has witnessed a significant growth in the recent past. Commercial
primary energy demand, excluding biomass and waste energy, has increased from 184mtoe in
1990 to 565 mtoe in 2011 (IEA, 2013), reflecting an average increase of 5.48% per annum.
This rate was even higher at 6.88% between 2005 and 2011 (IEA, 2007; 2013),
corresponding to an average yearly increase of 8.03%in per capita income during this period
(WB, 2013). With 2011 electricity consumption in India at 684 kWh/capita(WB, 2013) being
less than 15% of that of the developed economies (US, Germany, Japan, etc.), significant
growth in India's' electricity generation capacity is required in the near and medium term to
meet the growing demand.

Importance of nuclear energy for meeting India's energy challenges in the near as well as
long term has been highlighted earlier in a number of studies ( e.g. see Mallah and Bansal,
2010; Mohapatra and Mohanakrishnan, 2010; Gol, 2011; Remme et al., 2011; IAEA, 2012;
Shukla and Chaturvedi, 2012; Kour and Dar, 2013; Shukla and Chaturvedi, 2013). Intermodel
comparison studies have shown that nuclear energy plays a significant role in India's long
term electricity production mix across energy models especially under climate policy
scenarios (Clarke et al., 2012). The official government policy also has emphasized the
importance of this energy source. This has been reflected in hectic efforts made by the Indian
government to legislate the nuclear energy deal as well as in the increased pace of related
negotiations with governments and businesses around the world for ensuring supply of
nuclear technology and fuel.

While the government and numerous experts are optimistic about the future of nuclear energy
in India, strong concerns remain in India and globally about the costs and risks of nuclear
energy (Ramana, 2009; Sokolski, 2010; Abraham I, 2011; Chang et al., 2011; Hibbs, 2012).
Ramana (2012) in his recent book reflects these concerns and argues against making nuclear
energy an important pillar of India's energy supply policy. The argument is largely based on
the history of nuclear disasters even in the most technologically advanced nations of the
world, and thus on concerns about Indian government and managers' abilities to avoid and
manage such a crisis, if it happens. Vehement demonstrations by the local populace against
nuclear energy plants in various locations in India have only increased with time. The
Fukushima nuclear disaster has only aggravated the concerns of those against nuclear power
plants. Kundankulam and Jetapur are two recent examples. Indian judiciary has decided in
favor of the Kundankulam plant that has achieved criticality recently, much to the
disappointment of the protestors. Chang et al. (2011) analyze two modern day nuclear power
plants, one in Florida and one in Georgia, in the USA and find that there are major risks and
cost escalations associated with construction of the two plants which could lead to much
higher costs to ratepayers.



2 | Introduction

Opposition to nuclear plants and significantly negative risk perceptions are not something
confined only to India. Some are of the opinion that nuclear power is arguably the riskiest
amongst all energy supply technologies (Mills, 2012). Germany has decided to phase out
nuclear energy completely by 2022. Japan recently shut down its last nuclear reactor.
Interestingly, even in the US the revived enthusiasm for nuclear power has dampened after
Fukushima. However, all these are high income countries and don't face the huge energy
supply-demand imbalance as faced in India. Each technology, be it renewable or nuclear, is
important for bridging the energy gap in India. The challenge in India is to manage the
negative risk perceptions around nuclear energy and prioritise investment in the appropriate
technology.

There are alternative potential ways of managing opposition to nuclear power plant risks. One
possible way is compensating and relocating people residing in the vicinity of proposed sites,
something that is challenging to implement given India's prior experience with relocation and
rehabilitation in the case of hydro power plants. Another way is increasing safeguards and
risk mitigation measures through deploying most sophisticated nuclear plants with advance
safety features. Another possibility is managing the negative risk through insuring the local
population against any nuclear disaster. This implies that the nuclear operator, or the
government as a guarantor, is to provide a risk cover to all the people who are potentially at
risk. This doesn't mitigate the risk, if any, but it does help in assuaging concerns of local
residents and dulls opposition.

Irrespective of the risk mitigation choice, one outcome is certain. Any risk mitigation
measure is bound to increase the capital and operation cost of any given nuclear power plant.
Our paper's objective is to find the implications of increase in cost of operating nuclear power
plants, as a result of negative perceptions about this technology, for the Indian power sector
in the short and long term. In other words, we undertake a sensitivity analysis of nuclear
energy cost, including scenarios that internalize nuclear accident risk in the technology cost,
and highlight its implications for India's energy future. Shukla and Chaturvedi (2012), in an
earlier effort, analyse the implications of a targeted approach towards nuclear and solar
energy in India. This paper contributes to the nuclear energy discussion in India from another
dimension. Recent remark by the Russian government that if liability of any potential nuclear
accident is shifted to Russia it would double the cost of nuclear technology being sold to
India (The Indian Express, 2012),is testimony of the validity and importance of our argument
and approach.

This paper takes a century long view of the nuclear energy in India. We follow the scenarios
approach for the assessment. The scenarios are constructed based on two key factors
which would drive the share of nuclear power in the future energy mix.

First is the total cost of nuclear power plant which includes: I) construction costs, ii)
operating costs including fuel cost, iii) liabilities from externalities and risks during the
period of a plant's operating life, iv) costs of storage of spent fuel and v) decommissioning
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costs. The estimates of the total costs vary widely across the literature. A sizable variability
appears vis-a-vis the liabilities from externalities and risks. The divergence in cost
assessment in this case varies widely across the stakeholders, the experts typically viewing
the risks as small and public perceiving the risks as high. This perceptions gap often narrows
during the periods with no major nuclear incidents. However, the gap widens following the
major incidents such as at the Fukushima Daiichi Nuclear power plant in March 2011. The
divergent views on the external cost of nuclear are also shaped by signals from policymakers.
For instance, immediately after the Fukushima incident, the decision to close four nuclear
power plants in Germany and phase out the remaining nine nuclear plants by 2022 was
viewed as a signal for high risk. A similar interpretation can be made of the Japanese
government's decision to shut down all 54 nuclear units in country within a year of the
Fukushima incident. Currently, only two reactors are operational with many awaiting
clearances after the string of stress tests to determine disaster readiness on these facilities.
France and Russia were undeterred and continued with their nuclear plans which is
interpreted as low nuclear risk perception.

Second is the level of global response to the climate change. Policymakers around the globe
have committed to the 2 degree C stabilization target. However, in practice, a gap persists
between the emissions pathway to achieve the long-term climate stabilization target and the
emissions that the current mitigation policies would deliver (UNEP, 2013). The climate
responses thus would range between the business-as-usual actions and the policies and
measures to 2 degree C stabilization.

The paper considers 12 scenarios for India corresponding to the six (6) levels of risk
represented by a per cent (%) increase in overnight construction cost of the project and two
(2) climate scenarios representing 'no climate target' and "2 degree C stabilization target'. The
paper assesses the change in India's energy mix for these scenarios and examines the
sensitivity of nuclear power in the energy mix.

Our cost sensitivity analysis, though grounded in the discussion on risk, is critical for other
reasons as well. The US experience with nuclear power plants has delivered little confidence
in the cost and economics of nuclear power plants (Bradshaw and Gruber, 2007), and actual
overnight capital cost have always overshot analysts' expectations by a wide margin (Cooper,
2012) suggesting that growth of nuclear power has been a non-market phenomena. The issues
that have affected uncertainty in costs range from design issues to evolving regulatory
requirement to long construction periods. Moreover, there are fundamental uncertainties in
the cost of key components of fuel cycle (MIT, 2011). As highlighted by Kessides (2010),
even with equal levelised cost and commercially proven technologies, different risk profiles
of different technologies can influence the choice of power generation mix.

In the next section we discuss our scenario analysis framework, our assumptions related to
the cost of nuclear energy under various scenarios, and the integrated assessment modelling
framework. This is followed by results and discussions, after which we conclude with the
main insights from our research.
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There are significant differences in the valuation of risk across countries, which are reflected
in their valuation of liability due to nuclear accidents. The liability amounts are 10 Bn US$
for USA, 1500 Mn Euros for France, 250 Mn USS$ for India, and unlimited liability in case of
Japan. Moreover, researchers have argued that there is an inherent subsidy over the specified
liability amounts. The Price-Anderson Act of 1957 of the United states, and Heyes' (2002)
subsequent analysis of the implicit subsidy given to nuclear energy operators provides a good
basis for one such risk valuation. Another basis for valuation is the French nuclear liability
law.

The Price Anderson Act (amended) of the United States provides for different levels of
protection. The operator carries the primary liability of US$ 300 million (2005 prices) per
reactor as the first level. Any damage above this mark is assessed equally against all
operators up to about US$ 96 Mn per reactor. The combined insurance coverage is over 10
Bn USD (American Nuclear Society, 2005). This arrangement hence provides the coverage
of 10 Bn USD by distributing the liability cost across operators, with the liability per reactor
per accident being equal to 396 Mn USD.

The French Nuclear Liability Law, which derives from the Paris and Brussels conventions
(1966, amended) like many other nations, allows for three layers of financial liability (Faure
and Fiore, 2009). As per the revised values, the first tier the operator's liability is capped at
700 Mn Euros, the second layer is a liability of 500 Mn Euros borne by the state, and the
third layer 300 Mn Euros liability borne by the contracted parties of the French and Brussels
convention. These amounts, revised in the Modification Protocols of the Paris and Brussels
convention have not been brought in force yet. The total insurance coverage is hence 1500
Mn Euros per reactor depending on the extent of actual damage. Interestingly, though the
overall insurance coverage in the US is significantly higher than the coverage under the
French laws, liability per reactor in the US is lower than that of a French nuclear reactor.

Moreover, as any nuclear disaster costs billion of dollars which is not necessarily matched by
the liability coverage, there is an implicit subsidy involved here. Heyesand Liston-Heyes
(1998) estimate this subsidy for USA to be equal to 2.32 Million USD per reactor per year
(1998 prices') of operation. Assuming 45 years of reactor life, total subsidy comes around to
125 Mn USD (in 2005 prices). Faure and Fiore (2009) analyse subsidy for French nuclear
reactors for different scenarios of accident costs and probabilities. Their values range from
.14 Million Euros to 3.3 Million Euros per reactor year. Thus for the case with highest

' The price year in this case is to the best of author's understanding as this is not clear from the document.
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expected damages from an accident, the subsidy is almost 150 Million Euros per reactor,
assuming 45 years lifetime.

Comparing the above estimates, it is clear that insurance coverage for a nuclear accident
varies from 1500 Mn Euros in France to over 10 Bn US$ in the US. The insurance financing
structure adopted by the US is interesting as it provides a high level of coverage at the same
time not providing a huge financial burden per reactor. The objective of this last statement is
not to say that one arrangement is better over the other, but is to highlight the variation in
valuation of potential damages due to a nuclear accident, the associated liability coverage,
and liability financing structures.

In case of India, recent developments indicate that for a high growth trajectory fuelled by
nuclear power, India has to continue importing nuclear reactors as indigenous fuel and
reactors might not be able to keep up with the pace of nuclear energy demand. The
Kundankulam nuclear power plant has reactors based on the light water technology imported
from Russia. Similarly, India is engaged in high level negotiations with the US as well as
France, which are potential exporters of nuclear technology for India. The bone of contention
is the nuclear liability law, which holds the supplier accountable (in part) for any nuclear
accident in India.

The 2010 Civil Liability for Nuclear Accident Act (Gol, 2010) of India places the
responsibility with the operator. Total liability is 2700 Crore INR (450 Mn USD), and
operator's liability is limited to 1500 Crore INR (250 Mn USD), beyond which central
government will bear the cost. However, the act also gives an opportunity to the operator to
have a legal recourse to the supplier if the accident is a consequence of any act of supplier or
its employee. As post accident it is really difficult to prove that the accident occurred due to
either equipment fault or due to management negligence, suppliers are resisting as this shifts
the financial liability to them even though they are not managing the operations. Russian
authorities had earlier stated that a shift of accident liability to Russia will force it to double
the price of the light water nuclear reactor exported to India for Kundankulam reactors 3 and
4 (The Indian Express, 2012). Interestingly, the amount of liability is only around 10% of the
cost of a nuclear power plant. Still this clause has sparked a high decibel debate. This could
be due to a variety of reasons- a concern that this clause will start a precedent for other
countries to follow suit, or a future government might simply ignore the liability cap in case
of any future accident and impose a higher liability on operators/suppliers (Ramana and Raju,
2013). Also, it has been argued that this recourse to supplier is India's radical departure from
international practice and will find difficulty in acceptance worldwide (Jones, 2013).

* Interestingly, as per news reports, the deal for Kundankulam reactors 3 and 4 with Russia is close to finalization as
on 11th March 2014. It is unclear from publicly available information if Russia has accepted India's nuclear liability
clause as it is.
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The developments discussed above have significant implications for the long term energy
scenarios for India, which need to be analysed. Given the discussion on liability clauses as
well as uncertainties associated with cost of different components and stages involved in the
nuclear power plant cycle, it is important that we seek to understand the implications of
future nuclear cost evolution pathways. In this context, we present and analyze combination
of six nuclear energy technology scenarios and two climate policy scenarios. The technology
scenarios range from reference costs, to cost increases of 10%, 25%, 50% and 100% by 2020
relative to the reference scenario, and ultimately to a scenario where nuclear energy is
perceived to be prohibitively risky by the society, leading to no new builds of nuclear energy
plants implying that the risk induced costs are too high. These cost assumptions exclude the
fuel cost of nuclear energy which depends on the market demand and supply situation and is
determined endogenously in the model. Two policy scenarios included here are reference
policy scenario with no greenhouse gas mitigation target, and a climate policy scenario that
envisages limiting radiative forcing level to 2.6 W/mz(proxy for negotiated 2 degree C
temperature stabilization target) in 2100. Table 1 details the scenario description and cost
assumptions.

Table 1: Scenario Description and Cost Assumptions

Scenario Scenario Description Nuclear power plant non energy
Name costs (in 2004 US$ Cents per
KWh)
2020 2050 2095
Ref Scenario with no climate policy | 5.09 4.93 4.72
targets and reference nuclear energy
cost
Ref_10% Scenario with no climate policy | 5.60 5.42 5.19

targets and non-energy nuclear cost
10% higher compared to Ref scenario
Ref_25% Scenario with no climate policy | 6.36 6.16 5.90
targets and non-energy nuclear cost
25% higher compared to Ref scenario
Ref_50% Scenario with no climate policy | 7.64 7.40 7.08
targets and non-energy nuclear cost
50% higher compared to Ref scenario
Ref_100% | Scenario with no climate policy | 10.18 9.86 9.44
targets and non-energy nuclear cost
100% higher compared to Ref
scenario

Ref_Retire | Scenario with no climate policy | No new nuclear power plants
targets and no new builds of nuclear | built.

energy plants
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2.6 Scenario with climate policy target of | 5.09 4.93 4.72
2.6 W/m® radiative forcing by 2100
and reference nuclear energy cost

2.6_10% Scenario with climate policy target of | 5.60 542 5.19
2.6 W/m® radiative forcing by 2100
and non-energy nuclear cost 10%
higher compared to Ref scenario

2.6_25% Scenario with climate policy target of | 6.36 6.16 5.90
2.6 W/m® radiative forcing by 2100
and non-energy nuclear cost 25%
higher compared to Ref scenario

2.6_50% Scenario with climate policy target of | 7.64 7.40 7.08
2.6 W/m?® radiative forcing by 2100
and non-energy nuclear cost 50%
higher compared to Ref scenario

2.6_100% | Scenario with climate policy target of | 10.18 9.86 9.44
2.6 W/m?® radiative forcing by 2100
and non-energy nuclear cost 100%
higher compared to Ref scenario

2.6_Retire | Scenario with climate policy target of | No new nuclear power plants
2.6 W/m® radiative forcing by 2100 | built.

and no new builds of nuclear energy
plants

We use GCAM ,Indian Institute of Ahmedabad (IIMA) version, for understanding the short,
medium and long term implications of incorporating risk valuations in nuclear energy
generation costs for India. GCAM is an energy sector focused integrated assessment model
with an energy module, land use module and a climate module within the same framework.
GCAM has been widely used for global and regional energy and climate policy scenario
exercises (referClarke et al., 2008; Calvin et al., 2009; Wise et al., 2009; Kyle and Kim,
2011; Eom et al., 2012; Shukla and Chaturvedi, 2012; Chaturvedi et al., 2013; Edmonds et
al., 2013). The world within GCAM is divided into 14 regions, with India as a separate
region. The strength of GCAM is the detailed representation of the energy sector, both on the
supply and demand side. GCAM models energy demand for three end use sectors- Building
sector, Industry sector, and Transportation sector. On the supply side, electricity production is
modeled in detail with nine fuels competing for electricity production, with more than one
technology within each fuel. Nuclear energy, being a zero carbon source, is a key technology
for electricity generation in GCAM.

The IIM Ahmedabad version of GCAM is different from core GCAM in its demographic and
economic growth assumptions and representation of the building sector. GCAM-IIM has
higher per capita income growth assumptions, and the building sector in GCAM- IIM is
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further disaggregated into urban residential, rural residential and commercial building sector.
Also, we revise the cost for central PV power plants and assume that PV costs decline by
60% between 2005 and 2020, something that is closer to what is being observed’. For earlier
studies using GCAM-IIM, please refer Shukla and Chaturvedi (2012), Shukla and Chaturvedi
(2013), Chaturvedi and Shukla (2013), Chaturvedi et al. (2014). Table 2 presents gross

domestic product (GDP) and population assumptions for our study.

Table 2: GCAM-IIM Economic and Demographic Assumptions

GDP Population CAGR (%)
2005 Bn US$
(MER) Billion GDP Population
2005 748 1.13
2020 2230 1.31 2005-20 | 7.55 0.98
2035 6343 1.45 2020-35 | 7.22 0.68
2050 16008 1.53 2035-50 | 6.37 0.37
2095 75021 1.48 2050-95 | 3.49 -0.08

PV costs reduced by almost 40% between 2008 and 2010. Non energy cost for central PV plants as assumed in

GCAM-IIM are 13.74 US Cents/ KWh in 2020, 6.18 US Cents/ KWh in 2050 and 4.06 US Cents/ KWh in 2095.
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India's electricity generation is bound to witness a high rate of growth given the energy
starved situation today. This growth will be particularly high post 2020, when Indian average
per capita incomes will drive rapid move towards electricity based technologies for meeting
building energy service requirements, mainly cooling and appliances. Some move will also
be towards electricity based private and public transportation modes and more efficient
energy use processes in Indian industry. In our reference scenario, electricity generation
increases by 2.6 times between 2005 and 2020, at a high rate of 4.7 times between 2020 and
2050, and then further by over two times by the end of century(Fig 1a).

Climate policy scenario with reference nuclear costs (2.6 Sc) witnesses a decrease in
electricity generation in the short run, 13% by 2025 relative to Ref sc due to a sudden
increase in carbon intensive energy prices. However, for meeting stringent climate targets,
more and more end use services move towards electricity, and by the century end electricity
generation is almost 35% higher relative to the Ref scenario (Fig 1a and 1b).

Fossil energy dominates the electricity generation portfolio under the Ref sc. More than 59%
electricity is generated using fossil sources in 2095, and most of that is coal based.
Importantly, nuclear energy emerges as the second most important electricity generation
source with 11% share in 2050, which increases to 24% in 2095 (Fig. 1a and 1c¢).

Renewable energy, including biomass, provides 16% of electricity generated in 2095. The
immense potential of solar energy in India is only marginally harnessed (7% share) under the
reference scenario given the comparative lower cost of fossil as well as nuclear energy (Fig.
la and 1c¢).

The criticality of nuclear energy based electricity for India becomes obvious under the
stringent climate policy scenario, when this energy source powers on to take 40% share in
2050 and 70% share in 2095 in India's generation portfolio (Fig. 1d). Solar energy takes a
share of 19% while carbon capture and storage (CCS) including biomass with CCS takes 8%
share in 2095. Historically the largest nuclear power plant installation has been of 8.2 GW
capacity in the Kashiwazaki-Kariwa nuclear power plant in Japan. An average installed
capacity of 8 GW/ plant in the future for India implies 54 plants in 2050 and 285 nuclear
power plants spread across India in 2095. Thus, given that economics will drive the
penetration of nuclear globally, and assuming that there are no institutional and other issues
limiting deployment of this form of energy in India, nuclear energy will become the focal
point of India's response to climate change mitigation challenges.
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Figure 1: Electricity generation by technology and generation mix under the reference nuclear

technology cost scenarios

This section explores the implications of risk induced cost increase across the range of 10%
to 100% (relative to Ref sc) in the non-energy cost of nuclear based electricity. Operator's
liability in India is capped at INR 15 Billion (approximately .25 Bn USS$). This is
approximately 10% of the capital cost of a 1 GW installed capacity nuclear power plant. The
10% cost increase scenario is hence tied closely to the current liability limit set by the
Government of India.

Generally speaking, a 10% increase in nuclear energy does not lead to any significant change
in the electricity generation mix for India's future compared to the Ref scenario (Fig. 1a and
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2a). Though installed capacity of nuclear energy declines by 10% in the next 10-15 years, and
within a range of 15-20% in the medium to long term, the overall character of India's
electricity mix is similar with nuclear energy still providing 9% of electricity generation in
2050 and 20% in 2095. We see a similar effect of a 10% cost increase under the climate
policy scenario (2.6_10% sc) and nuclear energy still takes 35% share in 2050 and 67% share
in 2095 (Fig. 2b and 3b). We can hence say that a 10% increase in electricity generation cost
by nuclear energy relative to the reference scenario costs will not have any significant impact
on India's electricity generation scenarios. This technology will still remain the focal point for
India's response to emission mitigation challenges. It should be highlighted here that the
reference scenario assumes a decline in costs of all technologies in the future.

A higher increase of 25-50% of nuclear technology's non-energy cost will have significant
implications for the next 15-25 years irrespective of the policy scenario. Installed nuclear
energy generation capacity declines by 40-60% due to increased costs (Ref_25%, Ref_50%,
2.6_25%, 2.6_50% sc) in the near term relative to the reference cost scenarios under
respective policies (Ref sc and 2.6 sc). In the longer run however, it is the climate policy
regime which critically determines the penetration of this technology. Under the Ref sc
without any mitigation targets, nuclear energy penetration declines to 5-7% in 2050 and 11-
16% in 2095 (Fig. 2c, 2e, 3c, 3e). However, a carbon price ensures that nuclear energy plays
a critical role post 2050, with 51-61% electricity still produced by this technology in 2095, up
from 18-28% in 2050 (Fig. 2d, 2f, 3d, 3f).

A 100% increase in nuclear energy cost is an extreme scenario, and reflects a huge risk
premium put by the society on nuclear energy. This might imply much higher liability cap,
enhanced safety features, or increase in costs like that for decommissioning. This extent of
increase in risk induced cost of nuclear energy will have serious implications for the share of
this technology under a reference scenario world and its share declines to 4% in 2050 and 7%
in 2095 (Fig. 2g and 3g). Post 2030, installed capacity declines by 75-80% for all future
years.

Similar effect is observed under the climate policy scenario as well (Fig. 2h and 3h). First,
nuclear energy does decrease significantly due to increase in costs. In 2050, the decline in its
share is from 40% in 2.6 sc (Fig. 1d) to 9% under 2.6_100% sc (Fig. 3h). For 2095, the
decline is from 70% (under 2.6 Sc) to 34% when non-energy cost increases by 100%.
Second, in the long run, even a doubling of non-energy cost of nuclear energy does not take
away from its critical role in India's emission mitigation strategy. With over a third of India's
electricity generation still coming from nuclear energy, this source plays an important role in
meeting the twin goals of meeting energy demands as well as climate policy targets. Third,
two key technologies gain in share as a result of decrease in the share of nuclear energy. Solar
energy increases its share from 19% under Ref sc to almost a third of total power generation
in 2095with a doubling of nuclear energy cost. Biomass with CCS is the other technology
that witnesses an increase from 9% under Ref sc to 17% under 2.6_100% sc in 2095,
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Figure 2: Electricity generation by technology across increased nuclear technology cost

scenarios
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Figure 3: Electricity generation mix across increased nuclear technology cost scenarios
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and fossil with CCS takes another 13% share in 2095. Solar energy is a zero carbon
technology, while biomass_CCS is considered a negative emission technology as biomass is
a also a zero carbon source across its lifecycle, and the CCS technology helps in capturing
emissions during the electricity generation phase of biomass.

Under a reference scenario, with no obligations towards emission mitigation and adaptation,
India can aim towards a no nuclear future. Achieving this objective is definitely possible
from a technology perspective. Without any climate constraints, India can move towards
either fossil energy or renewable sources of energy. However, cost dynamics ensure that even
in the long run, nuclear is replaced by fossil sources, mainly coal rather than renewable
energy (Fig. 4a and 4c). Unless a renewable energy push policy is pursued aggressively,
fossil energy will dominate Indian energy systems.
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Figure 4: Electricity generation by technology and generation mix under the nuclear retire
scenarios
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This move towards even greater reliance of India's electricity production on fossil energy
have implications for carbon dioxide emissions from the country. A no nuclear scenario will
result in a substantial increase in emissions from the power generation sector. Emissions
under the Ref_Retiresc are higher compared to the Ref sc by only 1% in 2020, but are
significantly higher in the long term by 14% in 2050 and a huge 36% in 2095 (Fig. 5a). This
directly implies that India will further move away from the goal of emission mitigation. In
other words, reaching emission mitigation targets in the future will be more challenging and
costly to achieve.
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Figure5: Carbon dioxide emissions,global carbon price and abatement cost

Increase in emissions under the Ref Retiresc can be directly attributed to the change in
electricity generation mix (Fig 4a, 4b, 4c, 4d). As in the case of high nuclear scenarios
discussed in the earlier section, when nuclear energy is completely phased out, electricity
generation moves towards fossil energy sources, mainly coal. There is negligible increase in
the absolute penetration of either renewable or biomass (Fig. 1a and 4a). This move towards
more carbon intensive electricity generation has important implications for emission
mitigation policies and costs.
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In the 2.6 W/m? stabilization policy scenarios as well, there is an increase in Indian emissions
due to a move away from nuclear energy (Fig. 5a). The important point to be noted here is
that the stabilization scenario is a global stabilization regime, and as emission mitigation in
India is now more costly (one key zero carbon technology is absent from the mitigation
portfolio), mitigation is shifted to some other region where it is cheaper. This leads to higher
Indian emissions under the climate policy scenario, but global emissions remain unchanged.

An important outcome is a shift in the peak year of emissions for India due to higher cost or
phase out of nuclear technology. As a key technology is now more expensive (or missing)
from the mitigation portfolio, it becomes difficult for the economy to reduce emissions in the
short run as that would prove to be very costly. As a result, emission mitigation effort is
shifted to future (Fig. 5a). With reference cost of nuclear energy, Indian emissions start
declining from 2035. The peak year for emissions when the nuclear cost is doubled as well as
when this technology is not available is 2050, which is a shift of 15 years.

A key outcome of increased cost of or phasing out of nuclear technology for India is steep
increase in the cost of meeting climate policy emission mitigation objectives. There is almost
no change in the short and medium term mitigation costs, however long term costs change
significantly (Fig. 5¢ and 5d). From 2060 onwards, we see a steep increase in additional
mitigation cost due to removal of nuclear technology. This increase is 19% in 2060 for the
2.6_Retire sc relative to the 2.6 sc, and 67% in 2095. The increase in 2095 for the 2.6_50% sc
and 2.6_100% scenario relative to 2.6 sc is 26% and 41% respectively. It is thus clear that
even a 25 and 50% increase in the cost of nuclear energy relative to reference cost means a
lot in terms of long run mitigation cost for achieving a stringent climate target. A complete
phase out will make it even costlier unless there is significant decline in the long run cost of
alternative low carbon technologies.
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From the perspective of Indian energy policy, nuclear energy is a vital option for meeting the
growing demands for electricity across Indian end use sectors. The importance has been
highlighted by the signing of civil nuclear cooperation agreements with a host of countries
including USA, Russia and France on the issue of fuel and technology supply, and
development of a nuclear liability framework. At the same time, there are divergent views on
India's nuclear energy ambitions given the potential risks associated with nuclear power
production. Liability arrangements being proposed by India for mitigating risks associated
with nuclear power production are central to the responses to bridge these opposing views.

Clarity on the extent of liability and other risk mitigation measures, based on scientific,
technical, economic, social and environmental assessment, is essential for assessing the cost
of building nuclear energy power plants in India. Ultimately, the increase in full cost of
nuclear energy due to a variety of risk induced measures and the residual liability costs
impacts competition between energy choices and hence India's future energy mix and
emissions. This research paper is an attempt in this direction of understanding the
implications of variability in estimation of full cost of nuclear energy for India's long term
energy and climate change mitigation policy.

To this end, we analyze a suite of climate policy and nuclear energy technology cost
scenarios within the integrated assessment modelling framework of GCAM. In this paper our
scenarios are constructed on two parameters that may deeply affect the future energy system
in India: I) the price of nuclear technology, including its external costs and risks, and II) the
future climate change regime. We consider six nuclear technology costs regimes (ranging
from reference cost to a complete nuclear shutdown scenario) and two climate regimes (no
climate policy and 2 Deg. C stabilization policy which is the target under current climate
negotiations). The analysis provides sensitivity of the future economic responses (e.g. energy
mix) to the alternate scenario assumptions. There are some important insights from our
research related to the role of nuclear energy in India's energy scenarios as well as the
implications of risk induced cost increases for this energy source.

We find that nuclear energy is competitive when risk induced costs are low under business-
as-usual scenarios; i.e. even in the absence of global climate stabilization policies. The
current operator's liability cap proposed by the Government of India does not impede the
penetration of nuclear energy in India's electricity mix. However, if the risk induced costs are
high, then the increase in nuclear energy deployment will be seriously curtailed in the short as
well as long run. Economics then favours increased deployment of fossil fuels, leading to
significant increase in carbon dioxide emissions. Lower nuclear energy penetration hence
shall increase the amount of emissions required to be mitigated for meeting potential
emission targets in the future.

We highlight here that as per our analysis, nuclear liability off-sets climate liability. The trend
discussed earlier also holds under a climate policy world, wherein also the nuclear energy
penetration declines visibly under high risk induced costs scenarios. However, our results
show that nuclear energy is competitive, in the long-run, even with high risk induced costs if
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global climate stabilization policies corresponding to global 2 degree C stabilization target
are pursued. Nuclear energy can make important contribution to India’s energy security,
through the century, under all climate stabilization scenarios. This clearly highlights the
criticality of nuclear technology in India's long term emission mitigation strategy. In a way,
nuclear power is an important option globally for mitigating climate change risks. In that
context, nuclear liability off-sets climate liability. Given the fact that Government of India is
actively engaged in global climate negotiations and the 2 degree C stabilization target is an
accepted target by the Government of India (Gol, 2008), our suggestion is to keep concurrent
focus on nuclear and climate change while presenting the risks.

In the overall, the scenarios assessment shows that the fraction of nuclear energy in India’s
future optimal energy mix is sensitive to the risk induced cost increases (i.e. Indian society's
perceptions of extent of risk associated with nuclear energy) and strictness of climate
stabilization target and related global policies.

As the deployment of nuclear energy is decreased under higher cost increase scenarios,
technologies that take on greater role in India's mitigation strategy are solar technology and
biomass with CCS. Immense technical potential of solar energy in India becomes even more
economically viable under the influence of a carbon price and higher cost (or absence) of
nuclear. Biomass with CCS becomes important as it is a source of negative emissions for
two reasons: first, the electricity generation is higher under the climate policy; and second,
with less nuclear, the reference scenario emissions are higher due to a higher deployment of
fossil energy. Interestingly, the peak year for Indian emissions under the climate policy
scenarios shifts to 2050, a shift of 15 years towards the future, when the nuclear technology
costs double or it is absent.

Increased costs of nuclear energy have serious implications for costs of meeting emission
mitigation targets in the long run. In the medium run, till 2050, other low carbon technologies
come in place of nuclear and the effect on mitigation cost is minimal. However further in
time, in the second half the century, as the initial low cost potential of solar energy and CCS
gets exhausted, mitigating emissions becomes more and more expensive in the wake of
higher cost or absence of nuclear technology. Abatement cost for India in 2095 as a
percentage of GDP is 3.1% with reference nuclear energy cost and penetration, which
increases to 5.1% when nuclear energy technology is completely phased out.

Since the liability caps vary significantly across countries and since the penetration of nuclear
is sensitive to risk induced costs, we conclude that credible risks assessment and its
communication to stakeholders will be vital to ensure the due role nuclear would have in
India’s optimal long-run energy mix through the century. The diverse risk perceptions of
stakeholders are rooted in varying causes. The suppliers risk ‘perceptions arise primarily
from ambiguities and frequent evolutionary changes in the Indian liability laws and
regulations. The rational assessment of the liability amount as well as pinpointing of the
responsibility can help suppliers to optimally internalize their risks in the cost structure. The
local population’s risk perceptions arise from different causes such as: the inadequate
scientific information about technological risks, lack of operational information about the
safety administration and their ability and commitment to implement routine safety protocols
as well as their preparedness to respond to nuclear accidents.
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The debates and arguments remains on what position India should take for future deployment
of nuclear energy power plants. The stakeholders having higher risk perception who argue for
stopping all nuclear power plants can in fact show that sacrificing 2% of GDP in 2095 is a
little cost for doing away with the potentially disastrous nuclear incidents. On the other
extreme, the stakeholders having lower risk perception of nuclear energy will argue that with
improved safeguards and inherently safer new generation of nuclear power plants, the
exclusion of nuclear power option will add significantly to the energy cost in India in all
scenarios and more so in the stringent climate stabilization scenario. To them, lower cost of
electricity would enhance welfare of millions who currently lack electricity access, and bear
the cost of energy poverty.

The analysis in the paper shows that the asymmetric information about the nuclear risks
among the stakeholders, unless corrected, would lead to misallocation of resources in India’s
future energy system. Our analysis shows that the added cost from this information
asymmetry to the India’s energy system will be substantial and shall keep rising through the
century. The added cost of deviating from the optimal energy mix under the symmetric
information would be even greater, nearly 2% of GDP in 2095, in case of stringent global
climate change stabilization agreement.

Our paper highlights the implications of increased nuclear energy costs on India's energy mix
as well as for India's emission mitigation strategy. At this juncture when India’s energy
system is expected to remain on the rising trajectory going into several decades, it is vital that
the scientists and policy researchers assess the costs of nuclear risks and the Indian policy
makers incorporate the best assessment of liability within The Civil Liability for Nuclear
Damage Act, 2010, and other risk mitigation safeguards and measures for cost of nuclear
power plants in India. Finally, bridging the information chasm about the risks from nuclear
power plants among stakeholders will help to find best-fit for nuclear power in India’s long-
term optimal energy mix.
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