Whither Nuclear Power?

India is targeting an ambitious GDP growth rate of 8 per cent and for that the power sector
needs to grow in tandem. At this rate, India's present installed generation capacity of 123 GW
would need to increase by 90-120 GW in the coming decade. This paper makes an
assessment of the potential for capacity addition from various energy sources such as coal,
natural gas, hydro, wind and biomass and concludes that these sources will be found
wanting in closing the gap between desired growth and business as usual growth. In
this background, the recent India-US declaration on cooperation in nuclear
power provides an opportunity for accelerated growth. India stands to benefit from
imported nuclear fuels and reactors to augment its indigenous capabilities. We
critically examine the oft-stated criticisms regarding the economics of nuclear power
anditsrole in CO, mitigation, and find these to beissues worthy of further analysis but not
“ deal-breakers’ . The recent US-India declaration should be viewed not with suspicion
or alarm but rather as an opportunity for India to increase its power generation
from nuclear sources and also as recognition for its outstanding nuclear non-proliferation
practices. This agreement will also provide the much-needed breathing space the
Indian atomic energy establishment needs for enabling the plutonium fast
breeder and thorium reactors to come on stream.
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operation has sparked off intense debates, both for and

againgt, in Indiaand the US. The proposal envisages the
separation of civilian and military areas from the present unified
structure of the Indian Atomic Energy Establishment, and build-
ing cooperation between India and the rest of the world in areas
of civilian nuclear power. Such cooperation does not presently
exist because India has not signed the nuclear non-proliferation
treaty (NPT) and it is not amember of Nuclear Suppliers Group
(NSG). India s nuclear energy programme has therefore become
self-sufficient in all areas, from extracting nuclear materials to
building power reactors. Unfortunately, the present tragjectory is
not sustainable. Domestic uranium reserves are modest and can
provide thefuel for only about 10,000 MW and that too, for only
a few decades. The fast breeder reactors and thorium reactors
that Indiais presently working on are still a few decades away
in moving from prototypes to wide-scale commercia reactors.
Thorium, about which much is written, is not a fissionable fuel
and it must first be transformed to uranium by irradiation in
reactors, and later chemically separated to provide fuel. All these
take time: nuclear transmutations and the half-life of isotopes
are invariant and cannot be hurried.

What then are the options for India in the coming decades to
build its electricity generation, and what should be the contri-
bution of nuclear power to this growth? Critics of the Indo-US
deal argue that nuclear power is not required at all since it
contributes a mere 3 per cent to installed capacity [Mian and
Ramana2005; Reddy 2005], and that in Indiathe nuclear industry
has a history of perennia delay, falling well short of the goals
[Ramana et a 2005]. They also quote economics, safety, and
nuclear waste disposal problems as main concerns and disagree
with the oft-stated assumption that nuclear power can mitigate
greenhousegasemissions[Reddy 2005]. | nthispaper, weattempt
to make an objective assessment of the role of nuclear power

The Indo-US declaration on civilian nuclear power co-
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in India's future electric power needs. Specifically, we address
three issues:

(i) India's future electric power requirements and the role of
nuclear power.

(if) Nuclear power and carbon emissions.

(iii) Economics of nuclear power and on sustaining indigenous
capability.

We purposefully limit the scope of this paper to the potential
of nuclear power to meet demand; even economics is studied
from a supply-side perspective. We acknowledge the immense
importance of political economy and utility viability in India’'s
power sector,? and emphasise that new sources of power are not
sufficient solutions alone — however, they are required [Tongia
forthcoming].

India’s Future Electric Power Requirements
and Role of Nuclear Energy

India’ spresentinstalled capacity is123 GW and Figure 1 shows
the fuel mix [Ministry of Power 2004]. Coal accounts for 55 per
cent of installed capacity, followed by hydro (26 per cent) and
gas (10 per cent). Nuclear and wind are around 3 per cent
each [Ministry of Power 2004]. Of course, the actual generation
by fuel is different from the capacity shares given by different
plant load factors (PLFs) for different fuels. Coal and
nuclear contribute more than their nominal capacity share. The
presently install ed capacity isclearly not adequate. Therearepeak
and average shortages of power, frequent blackouts and
brownouts and high system losses. Indid's annual per capita
power consumption is at best 600 kwh, well below the global
average of 2,500 kWh, and much less than one-half of
China sreported 1,500 kWh. This Indian figure itself includes
captive power consumption as well as treating stolen electricity
as “consumed.”

1203



Figure 1: India’s Present Fuel Mix (Capacity)
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Unlike China, India’ s economic growth has not been as power
intensive. For instance, India’ s three major exports, textiles and
garments, gems and jewellery, and computer software/services
are not as dependent on large amounts of power asiron and steel
production and heavy manufacturing. This is likely to change
when Indiaembarks on largeinfrastructure building projectsand
rural industrialisation. A way to estimate what the future demand
will beisto assume that GNP growth and increase in electricity
demand is linearly related. In the past, this elasticity varied
between 1 and 5 [Planning Commission 2002a]. With increasing
efficiency in the use of electricity, thisratio may fall compared
to the historical average, but remain greater than one. For this
analysis, based on recent data from State Electricity Boards and
successor utilities, we have assumed the elasticity to be one
[Planning Commission 20024].

Consequently, if India is to target its economic growth rate
to be around 8 per cent, electric power generation must also
grow at roughly 8 per cent. This implies that by 2015, India's
generation capacity should be over 250 GW, an addition of
130 GW in the next decade. At a relatively modest economic
growth rate of 6 per cent, India would still need to add about
90 GW.2 The question remains: from where will this additional

capacity come, and what would be the fuel mix for generating
this power? The supply side equation is a function of the plant
(fuel) types, each of which hasdifferent capital costs, construction
lead times, fuel availability, operating/variable costs, and ex-
pected (average) kilowatt-hour (kWh) costs. And all thesedepend
on the plant load factor as well (Table 1).

The generated €electricity must be absorbed by the system,
which includes the physical infrastructure (the grid), utilities
(which are regulated), and consumers. Clearly, electricity must
be sustainable; otherwise, the State Electricity Board deficitswill
further increase, discouraging investments in new generation
capacity.

In the following section, we shall examine the potential for
capacity addition from coal, hydro, gas, wind and biomass.

Coal

India s coal reserves are estimated to be 247.85 hillion tonnes,
with proven reserves of about 92.9 billion tonnes [Ministry of
Coal 2004]. At the present rate of consumption, coa is expected
tolast for another 250years. India srelianceon coa will therefore
continue. Coal minesaremainly concentratedinthenorth-eastern
belt of the country; Jharkhand, Orissa and West Bengal have
almost 64 per cent of the coal reserves while Madhya Pradesh
and Chhattisgarh account for 23 per cent. Thus, coal has to be
transported over large distances to thermal power plants located
across the country. Indian coal is characterised by high ash
content; sometimes as high as 45 per cent and therefore coal
transportation is accompanied with a huge amount of inert ash.
Coal productionfor 2003-04 was 355 million tonnes, out of which
265 million tonnes was consumed in the power sector aone
[Ministry of Coal 2004]. Coal consumption in the power sector
issteadily increasing, while the consumption in other sectors has
remained more or less constant (Figure 2).

Present coal production capacity in Indiais already strained.
Over the last few years, coal production has not kept pace with
the increasing output from coal generating stations. Coal stocks
arereportedly at dangerously low levelsin several thermal power
generating stations® [Anon 2005a]. During 2003-04, India im-
ported 12 million tonnes of coking coal and 9.5 million tonnes
of non-coking coal [Ministry of Coa 2004]. In the first quarter
of 2005, Coal Indiafailed to reach the production target and it

Table 1: Fuel Supply Matrix (for New Plants in India)

Typical Largest Construction Capital Costs Operating Costs Fuel Engineering Constraints Ultimate Average KWh
Optimal Scale Time (estimate)  (estimate (including Fuel) Supply (Constrction Limits Potential Costs
(Per Unit) (Years) (US$/kW), on Number of (GW)
Indian Conditions) Large Sites/Plants) Running
for Decades
Coal 500-1,000 MW 4 900+ Low/Medium Regional constraints dozens 100s Low/medium
Hydro 1,000 of MW 5-10+ Highest (varies) Low Sharp geographic several 80-100 Low
constraints
Gas/Liquid 250 MW per unit 2 <600 Highest Limited LNG today dozens 40-50 Med/High
pipeline in few yrs (depends heavily
on fuel costs)
Nuclear 500-700 MW 4-5 1,350+ Medium/Low Limits to domestic fuel 5-8 ~10* High/medium
(domestic * Excludes thorium
PHWRs) and breeder cycles
Nuclear 800-1,400 MW 4-5 1,500 Medium/Low International collaboration 20 Many 10s High/medium
(imported
LWRs)
Wind 3 MW 0.5 ~1,000* Low Geographic constraints 100 20-30+ Low/medium
(3.5 MW (longer *Wind plants
offshore) offshore) have low PLF
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Figure 2: Coal Production in India
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was recently reported that the inter-ministerial energy coordi-
nation committeeheaded by the primemini ster decided to expedite
coal importsto thetuneof 14 milliontonnesto bridgethe shortfall
faced by power utilities[Anon 2005b]. If coal’ sshareininstalled
generation capacity continues to be around 60 per cent, then our
calculations show that in 2015, for agrowth rate of 7-8 per cent,
the power sector coal demand is likely to be 520-570 million
tonnes. As per the Planning Commission (2002b), power sector
coal demand isexpected to touch 688 million tonnesby 2020 and
even doubling the present coal productionwill not besufficient to
meet this. Coal Indiaplansto augment coa production by at |east
20 million tonnes per annum till 2011-12 and almost the entire
additional production will come from open cast mining [Anon
2005c], which has environmental consequences. Even with this,
India may not be able to meet the coal requirements of 2015.

Apart from increasing coal production, thereis an urgent need
for augmenting coal transportation infrastructure as well. Often
coal has to be transported more than 1,000 km to the power
generating stations. During 2003, 51 per cent of coa (181 million
tonnes) wastransported by rail and 19 per cent by road (66 million
tonnes) (Figure 3) [Ministry of Coa 2004]. The coal carrying
capacity of the railways and roads has reached a plateau in the
last few years. For nearer consumption, transportation by the
Merry Go Round (M GR) system and wagons accounted for about
23 per cent of the coal transported (82 million tonnes) and this
steadily increased in the last few years. The coal transportation
capacity will call for major upgrades if it has to cope up with
a demand of 520-570 million tonnes by 2015. In US, Europe
and in Russia coal istransported cheaply by barge. Unlike India,
these countries have invested in building and maintaining a
network of deep navigable waterways.* Indian Railwaysis plan-
ning adedicated freight corridor (though not specifically for coal)
at an expected cost of Rs 22,000 crore.

Onepossibility could betolocate power plantscloseto pitheads
and hence transport “€electrons and not coa” . However, there are
studies, which show that under typical conditions, energy losses
for hauling coal by rail across long distances are lower than the
transmission losses of electricity. If the rail lines exist and one
compares adding new freight wagons versus a new high voltage
direct current (HVDC) long-distance link, even the economics
favour coal transportation over power transmission [Bergerson
2003]. However, these calculations may need to be revisited in
the Indian context.

Clearly, India scapacity for coal production and transportation
is struggling to meet even the present coal demand in the power
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Figure 3: Modes of Coal Transportation
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sector, which is presently growing at less than 5 per cent.
If Indiatargets a growth rate of 7-8 per cent, coal will be found
severely wanting unless huge investments are made and
technologiesput inplacetoincreasetheproduction andtransport.
Even then such a situation may be undesirable from an envi-
ronmental perspective. The flue gas from a coal power plant
comprises of NO,, particulate matter, and SO, (in some cases),”
and coa has the highest emissions of CO, per kWh power
generated as compared to other power generation technologies.
Particulates are a particularly acute problem, given the high ash
in Indian coal; almost 80 million tonnes of ash is generated from
coal-based combustion per annum. Present emissions standards
in India are relaxed when compared with international norms;
only the stack height and particulate matter are regulated.®
However, if coal consumption continues to grow at the present
rate, at some point stricter emission control regulationswill have
to be enacted, which will increase the cost of generation.” A
less appreciated fact is that even coa power is not without its
release of radioactive emissions due to the small amounts of
radioactive materials present in coal coupled with the very high
volume of coal throughput in alarge power plant. In fact, people
living near acoal plant are exposed to higher radiation than those
living near awell regulated nuclear power plant [Gabbard 1993].
The tradeoff is that while nuclear power plants are designed
to emit very low radiation, the expected radiation emissions
are concentrated in the mining and fuel preparation stages of the
fuel cycle.

If the business as usua scenario were to continue, coal will
still continueto play adominant roleinthepower sector. However,
if India expects to accelerate electricity generation, the answer
may not (and perhaps should not) come from coal under the
current trgjectory.

Natural Gas

Natural gas has a number of advantages, due to which it is
experiencing the highest growth rate globally amongst major
fuels. The capital costsfor building combined cycle power plants
are relatively low, the erection times are significantly shorter,
the plants operate at high efficiencies and are environmentally
muchlesspollutingthancoa . Globally, thereservesarerel atively
more plentiful than oil, but India is somewhat limited in its
reserves. Natural gasprospectsin Indiabrightened with therecent
discoveries of major reserves in Bay of Benga and aso with
thepossibility of importsfromwest Asiaand Bangladesh. Prospects
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and economic benefits of importing natural gas from west Asia
have been discussed in detail [Tongia 1999; Tongia and
Arunachalam 2005]. Twenty billion cubic metres of pipeline
natural gas imports could feed roughly 16,000 MW of power.
A pipeline would take four to five years before full operation,
which could be timed to coincide with new gas-fired combined
cycle power plants®

Liquefied natural gas (LNG) hauled over oceans in large
tankers is fast becoming an aternate and attractive method of
gas transport. This option calls for an additional infrastructure
for liquefying the gas at the loading port and for re-gasifying
at the destination. There has been a significant reduction in the
cost of building such quaysideinfrastructure. Itislikely that LNG
transportation — because of the option of buying from various
competitive sources — may become competitive with overland
pipelines.

However, the cost of electric power depends critically on the
gasprice. In 2004, natural gas power plants (both combined cycle
and simple cycle) in the US operated at an average 15 per cent
load factor and some filed for bankruptcy because power sector
natural gas pricesexceeded $6/MMBTU.? Therefore, any future
large-scal e capacity addition with natural gas will be subject to
the risks inherent in natural gas pricing.

Hydro-Power

India’ sestimated hydroel ectricpotential is148,700MW, which
the Ministry of Power translates to 84,000 MW based on aload
factor of 60 per cent [National Hydro Power Corporation 2004].
The present hydro-based capacity is 32,135 MW. The hydro to
thermal ratio, which used to be 35:65 during the first Plan, is
presently 25:71. Asisthe casewith coal, optionsfor hydroel ectric
power are also located mainly in a few areas in the country:
Arunachal Pradesh, Sikkim, Himachal Pradesh and Jammu and
Kashmir. Of theuntapped potential, al most 50,000 M W isestimated
to be in Arunachal Pradesh alone. Tapping these sources would
critically depend on addressing mgjor environmenta issues,
possible international agreements on water sharing and building
of high voltage transmission lines to distant load centres. As per
National Hydro Power Corporation, power projects amounting
to over 10 GW are under various stages of construction and will
be availablewithin 10 years[National Hydro Power Corporation
2004]. The hydroelectric potential of the north-east is high and
so is the possibility of importing hydel power from Nepal.
However, large hydro projects have the problem of land acqui-
sition and rehabilitation and resettlement of people, which causes
considerable hardship and resentment among the local people.

Wind

India has a gross potentia of approximately 45,000 MW and
atechnical potentia of 13,000 MW from windl® [Ministry of
Non-Conventional Energy Sources 2004]. The present installed
capacity isalittleover 3,000MW, ranking Indiafifthintheworld.
Wind recorded spectacular growth in the 1980s and 1990s and
the government generously supported these with incentives such
as subsidies and 100 per cent depreciation allowance. Most state
electricity boardshaveattractive buy-back arrangementswith the
wind generators.! However, thisisonly part of the story. Many
projects came up without proper planning and site selection just
to take advantage of these benefits. The economics of generation
critically depends on wind speeds!? and the capacity factor and
therefore it is important to select the site carefully. In general,
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wind speedsin Indiaare lower than those in European countries
and the US. A power density exceeding at least 200 W/m? at
aheight of 50m characterises a good wind site. Most wind sites
in India are concentrated in parts of Tamil Nadu, Karnataka,
AndhraPradesh, M aharashtraand Gujarat and havepower densities
of 200-300 W/m2. Thisis modest in comparison with European
or US standards. For example, most of Denmark has power
densitiesof 200-500 W/m? at 50 m heightsand the coastal regions
have in excess of 600 W/m?2.

As per some estimates, the average capacity factor in India
isonly approximately 13 per cent and consequently the country-
averaged cost of generationworksout toover Rs5/kWh[Banerjee
2006]. While some projects have high capacity factors ( approxi-
mately 35 per cent), the overal low average capacity factor
impliesthat thereare several unviablewind projectsand that wind
has a negligible share in actua generation.

Wind-based capacity addition will certainly continue and now
there is more maturity in site selection and project deployment.
The government norms have also improved to incentivise gen-
eration instead of mere capacity addition. An optimistic scenario
could see an additional 3,000 MW of wind-based generation
capacity inthecomingdecade. At present, thewind-basedinstalled
capacity exceedsthe nuclear-based capacity. However, thereisa
hugedifferencein the actual output (kWh) and the potential from
the two. It does not appear that wind could become a dominant
player in Indian power sector because the government itself esti-
matesatechnical potential of about 13,000MW, that too operating
at an optimistic 25 per cent capacity factor. Further, wind is
intermittent and location specific and presentsdifficultiesin grid
integration. Contrary to a recent article in this journal, we do
not believethat thereisany biasagainst wind power or renewables
ingeneral [Reddy 2005]. On the contrary, wind has received (but
often not properly utilised) generous public funding support and
many wind generators are now defunct as mentioned above.

It appears that offshore wind power has better potential, asthe
wind speeds are reportedly higher.1® Wind is also reasonably
cheap when the capacity factor exceeds 30 per cent. However,
itisrelevant to point out that the potential contribution fromwind
inthe next decade (approximately 3 GW) ismodest in the overall
context of India needing more than 100 GW.

Biomass

Potential for power generation from biomass is estimated to
be approximately 17,000 MW from agro-forest residues and
5,000 MW from bagasse and rice husk-based cogeneration
[Ministry of Non Conventional Energy Sources2004]. Thereare
several advantages of biomass: it is renewable and produces
amost no net carbon emissions. Moreover, biomassis available
inrural areasand hencethereisagood opportunity for generating
electricity closetotherural loads. Detail ed discussion on biomass
conversion technology and economics is beyond the scope of
this paper and is discussed elsewhere [Bharadwaj 2002,
Ministry of Non-Conventional Energy Sources 2004]. India has
donewell inthe development of atmospheric pressure downdraft
biomass gasifiers. These can handle a variety of biomass fuels
and can be combined with a diesel or spark ignition engine to
give an overall power rating of 10-500 kW. The electric power
demand in most Indian villagesis 20 kW-100 kW and thelocally
available surplus biomass is often sufficient to meet the power
requirements.

Over the last two decades, more than 1,700 such power plants
were sanctioned amounting to an installed capacity of about 35
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MW. Thus, the average plant size is approximately 20 kW. The
cost of generation is reasonable considering the fact that system
transmission and distribution losses are greatly avoided. Despite
this, there are few success stories. There is no record available
about the performance of these systems and most of them are
probably not functioning. Almost all these units received gen-
erous subsidies and tax incentives from the central and state
governments and there are attractive buy-back tariffs. Many
projects misused the subsidiesand in many cases, people stopped
using the gasifier and switched to an all diesel application. The
economics of biomass power is critically dependent on the load
factor [Bharadwaj 2002; Banerjee 2006]. Most rural electrifica-
tion projects suffer from low load factors leading to an un-
favourable cost of generation. Such power plants have to betied
up with industrial/commercial applications to enhance the load
factor. Based on the experience with bio power in the past two
decades, itisunlikely that Indiawill achieveevenafractionof the
theoretical potential of 17,000 MW in the foreseeable future.14

There is a good potential from bagasse and rice husk-based
cogeneration, however. Till recently most sugar millswereusing
low-pressureboilersthat generated just enough steamto take care
of the sugar mill’ srequirements. The use of high-pressure boilers
increases the power generated and it can be exported to the grid.
Several such projects came up in the last few years assisted by
incentives. Recent experimental work by the authors have shown
that it is not possible to realise the full calorific value from rice
husks in gasifiers and one may have to resort to a fluidised bed
that also pulverisesthe husksto realise the full calorific potential
of this resource. Including all these, India will be able to add
only up to 2 GW in the coming decade.

Other Options

In addition to supply-side options, a number of anaysts have
advocated energy conservation, efficiency, etc, as a means to
avoidincreasesin capacity, including nuclear power. Such efforts
are commendable, and should be optimised based on pricing
modelsand val ue (such asthe concept of “ negawatts’). However,
based on the arguments given previously in the discussion on
consumption, user demand islikely to grow, perhapseven higher
than GDP growth rates. The analysis of efficiency standards,
learning curves, etc, suggest that such initiatives may at best
reduce overal consumption growth by 1 per cent; even this
amount issignificant, when wefactor in reduced growth require-
ments over many years. Similarly, cutting down electricity theft
will domorefor utility balance sheetsthanfor reducing el ectricity
growth. After all, even stolen electricity is technically con-
sumed.1®> No matter what India does, it needs much more power
than what it generates today.

Overall Energy Scenario and
Role of Nuclear Power

Based ontheabovediscussion, theapproximatecapacity addition
from various sources (other than coal and nuclear) is estimated
in Table 2.

As mentioned before, for India’s growth rate to be at least 6
per cent, the required capacity additionis 90 GW, and it follows
from Table 2 that in the coming 10 years coa will have to be
the workhorse contributing about 60 GW of new capacity. Our
earlier discussionssuggest that thisappearsunlikely (and perhaps
even undesirable) because of production, transportation and
environmental constraints. If GDP were to grow at 8 per cent
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instead of the postulated 6 per cent, this problem becomes even
more acute requiring an additional new coal-based capacity of
100 GW.

In thefollowing section, we evaluate the role of nuclear power
inmeeting India sadditional power needs. Clearly, nuclear power
will not be ableto meet all of India spower sector needs. Neither
is nuclear power without its share of problems, much like any
other source. But these problems are not as acute or as insur-
mountable as they have been made out to be [Mian 2005, Reddy
2005]. Nuclear power should therefore not be abandoned without
deeper analysis, especially when India needs power from all
possible energy sources.

A mgor criticism of nuclear power is that it has aways
underperformed. Even after yearsof promise, thepresent capacity
isnow 3,260 MW, just under 3 per cent of total installed capacity.
To grow from 3 to 10 per cent, nuclear power sector would need
to grow dramatically. Our analysis as discussed below suggests
that this sector would need to grow even more radically than
the past government projections, which were based on domestic
uranium resources. In this context, the recent US-India decla
ration becomes significant. The potential of nuclear power is
limited by severa constraints, including fissile material avail-
ability, site selection and design approval, and industria infra-
structure for reactor construction, financing and waste disposal.

There are several options for building nuclear power stations
and we summarise each of these briefly.

Pressurised Heavy Water Reactors. India's domestic uranium
reserves, estimated at 50-70,000 tonnes, if used in pressured
heavy water reactors (PHWRs), can only sustain a capacity of
theorder of 10,000 MW (10 GW) for about 40 years.1® However,
thepresentinstalled capacity isalittleunder 3,000 MW of PHWR
capacities. Thefuel for PHWR is natural uranium oxide and this
can berunina*“once-through” mode (the spent fuel is discarded)
or reprocessed to extract plutonium for fuelling fast breeder
reactors.

Fast Breeder Reactors: A prototype 500 MW fast breeder reactor
(PFBR) is under construction that uses plutonium reprocessed
from the spent fuel from PHWR. But this will not be ready for
commercia replication in humbers in the coming decade.

Our initia studies showed that it would take a few decades
beforethewidespread commercia deployment of FBRandthorium
reactors [Tongia and Arunachalam 1998]. We now believe that
if India constructs more reprocessing facilities on awar footing
to reprocess the vast amount of spent fuels the country has built
up and build its commercia FBRs, ailmost in parallel with the
PFBR with atimelag of just afew years, it may be ableto bring
on stream its first commercial fast breeder in about nine to 12
years. For thorium usage, the AHWR may also be prototyped
and built, but here issues of fuel reprocessing are critical; even
with thorium conversion to U233, which will be sustainable,
AHWR would need Pu fuedl as well. Handling U233 requires

Table 2: Future Capacity Addition Projection
from Various Sources

Overall Potential Present Installed Feasible Capacity

(MW) Capacity (MW) Addition till

2015 (MW)
Natural gas 12,350 16,000
Hydro 84,000 32,135 10,000
Wind 13,000 3,000 3,000
Biomass (Small) 17,000 35 -
(Large) 5,000 1,000 2,000
Total 31,000
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remote processing and managing the FBR fuel cycle might turn
out to be easier. In thislight, it is conceivable the FBR Pu route
may be more expeditious.

Meanwhile, the gap of about 15 years until FBRs become

commercia can be met by imported LWR reactors like the ones
the Russians are building at Kudankulam. With appropriate
safeguards and agreements, it might even be possible that in the
coming years India may also be able to reprocess LWR fuels
for its fast breeders.
Thorium cycle reactors: As thorium is not a fissile material, it
must first be converted to Uranium-233 before being used as a
fuel. Thisis generaly done by irradiating thorium fuel rods in
reactors. Though conversionthrough accel erator hasbeen claimed,
this is not included in the Indian programme. While there are
proposals for advanced heavy water reactors with thorium and
plutonium as fuels, these are unlikely to be proven and commer-
cialy built at least for the coming one or more decades. Unlike
plutonium fuel rods, which can be fabricated in glove-box
environments, U-233 calls for special handling and fabrication
facilities because of its high gamma activity. While a demon-
stration plant is likely in the coming decade, commercia pro-
duction of power from athorium-based reactor will have to wait
for a few more decades.

Light Water Reactors: Given Indid s limited experience with
LWRs (Tarapur being the only reactor, commissioned in 1969)
that use enriched uranium as fuel, these reactors are likely to
come only with foreign collaboration. Two such 1,000 MW
reactors are presently under construction at Kudankulam with
Russian collaboration. But, these were designed as a one-off
project. Without further agreements with the Nuclear Suppliers
Group (NSG) and changesin non-proliferation laws of countries
that sell nuclear reactors, it is not possible to build more LWRs
in the country.

Given short-term difficulties in commercialising FBRs and
thorium reactors, arapid growth of nuclear power isfeasibleonly
with imported uranium. While this could be used for fuelling
indigenous PHWRs (with amaximum of perhaps 500 or 540 MW
capacity), it is advantageous to use this opportunity in construct-
ing a large number of Light Water Reactors with foreign col-
laboration. The recent agreement between India and the US on
civilian nuclear power reactors provides such an opportunity.

Putting aside issues of financing, ownership, and long-term
storage/take-back of spent fuel, imported reactors can likely to
bebuilt of larger capacity than Indian nuclear plants. If weassume
current LWR technology of roughly 1,000 MW (though the
French-German consortium claims to build reactors with 1,600
MW capacity), and afiveyear construction time, and if webegin
construction of four such large plantsin a given year, and every
year thereafter add four more similar plants, the net commission-
ing of 4,000 MW annually will only commence after five years.
In steady state, this means that 20 simultaneous plants will be
under construction for afew yearsinthe coming decade; perhaps,
moreif there are delays.1’ Thisis an enormous engineering and
logistical challenge. Of course, such largeinvestments, estimated
at $1,600/kW (includinginterest during construction; likely higher
for new designs in the short term) for LWRs, will be possible
only with international collaboration in construction and financ-
ing. One option would be for foreign companies to directly
finance the plants and even operate them in return for assured
off take at affordable unit electricity (kWh) prices. This reduces
upfront burdensto India, and a so placesthe onus of performance
onthevendor. Whilesuch agreementsaredesirablefor minimising
domestic funding requirements, it is important to structure the
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power purchase agreements carefully to ensure that consumer
and utility interests are well protected. It is aso important to
ensure that the Indian atomic energy establishment approvesthe
design and construction technologies, and the operation of such
reactors should meet the conditions of the Atomic Energy
Regulatory Board (AERB). M ore agreements such ason accident
liability, fuel supply, disposal, and possible spent fuel reprocess-
ing will al have to be negotiated between the vendor countries
and India. Japan, China and South Korea had concluded similar
agreements in the past with supplier countries.

Even if such a dramatic push for LWRSs begins in two years,
given the five-year construction times with an annual increase
of 4 GW thereafter, the installed capacity will be 32,000 MW
by 2020. While it is difficult to predict India's overall capacity
in 2020 (see previous section), under such scenarios nuclear
power is likely to be around 10 per cent of the total capacity.

Nuclear Power and Carbon Emissions

In 2003, India's CO, emissions from fossil fuels combustion
stood at 1024 million tonnes, out of which 666 million tonnes
were from coal. India is the world's fifth largest CO, emitter
after US, China, Russiaand Japan [Energy Information Admin-
istration 20054].18 Further, India's CO, emissions grew faster
than these countries; an annual compounded growth rate of 5.5
per cent (1980-2003) as against 4 per cent of China, 1 per cent
of USand 1 per cent of Japan[Energy Information Administration
2005]. By 2025, Chinais projected to betheworld’ slargest CO,
emitter followed by US and India [Energy Information
Administration 2005b].

Indiais a signatory to the Kyoto Protocol; however it is not
subject to any mandatory cuts in CO, emissions. The US has
taken the stand that Kyoto Protocol is meaningless unless India
and China also are required to cut emissions. In July 2005, six
countries (US, India, China, Australia, South Korea and Japan)
formed the Asia-Pacific Partnership for Clean Devel opment and
Climate (AP6). The objective of this initiative is to develop
alternate strategies for reducing CO, emissions by promoting
technol ogiessuch asclean coal, carbon captureand sequestration,
nuclear power and renewables.1

In the previous section, we estimated that | ndia should add 90-
120 GW of new generation capacity by 2015 to achieve a power
sector growth rate of 6-8 per cent. Weal so estimated that capacity
addition from @l sources other than coal and nuclear, would be
about 31 GW. In the absence of nuclear power, an additional
60-90 GW would have to come from coal-based generation. This
requirement morethan doublesthecoal consumptioninthepower
sector raising it to 520-630 million tonnes from the present 265
tonnes, which would consequently more than doubl e coal -based
CO, emissions also.

Large-scale deployment of nuclear power could partly be a
solutiontothe CO, problem. Asdiscussedintheprevioussection,

Table 3: Estimates of Present and Future Power Sector
Coal Demand and CO, Emissions

Year  Scenario Coal Consumption  CO, Emissions from
in Power Sector  Coal in Power Sector
(Million Tonnes) (Million Tonnes)

2005 Present 265 47720

2015 No significant nuclear 520-630 930-1,160

2015 20 GW of nuclear capacity = 420-500 780-1,000

2020  No significant nuclear 640-770 1,160-1,380

2020 32 GW of nuclear capacity  500-640 910-1,140

Economic and Political Weekly  March 25, 2006



aggressive nuclear capacity addition could seeIndiaadding about
20,000 MW by 2015 and 32,000 MW by 2020. Consequently,
Indiawill reduceitsreliance on coal to that extent. Table 3 shows
the demand for coal and CO,, emissions for this scenario. The
detailed procedure for estimating CO,, emissions from various
fossil fuel sources is explained in [IPCC 1997, Energy Infor-
mation Administration 2005c].

With the addition of 20 GW of nuclear capacity, the coal
requirement can be reduced by about 100 million tonnes, which
would reduce CO, emissions by at least 150 million tonnes per
annum. If thistrend of building nuclear power stations continues,
then by 2020, India would reduce about CO,, emissions by at
least 250 million tonnes per annum. This amount is not small
considering that the present annual CO, emissions from France
and UK are 409 and 564 million tonnes respectively [Energy
Information Administration 2005a].

In this calculation, we assume that there are almost no CO,
emissions during the operation of a nuclear power plant. Of
course, CO, is emitted during other activities such as plant
construction, ore extraction, transportation, waste disposal and
decommissioning [Reddy 2005]. However, the same is true for
any power generation technology: coal, wind, solar PV and
biomass. Several independent studies have estimated the “life
cycle’ emissions of CO, from various power generation tech-
nologies [Koch 2000; White and Kulcinski 2000; Meier 2002;
Meier et al 2005] (Table 4). These cover CO, emissions during
entire life of the power plant. They suggest that even on alife
cyclebasis, emissionsof CO, from nuclear power plantsarelower
than those from coal and natural gas power plants.?!

Large-scale nuclear power can play avital role in CO, miti-
gation as explained in Figure 4 and Table 5. France and Japan
aretwo countriesthat have alarge dependence on nuclear power.
Nuclear-based capacity in France is 63.2 GW (57 per cent of
total installed capacity) while that of Japan is 45.9 GW (19 per
cent of thetotal installed capacity) [Energy Information Admin-
istration 2005a]. The share of nuclear in France went up from
25.3 per cent in 1980 to 78 per cent in 2003. In Japan, though
the share of nuclear power increased from 14.3 per cent in 1980
to 23 per cent, thermal power still dominates at 63.7 per cent.
Asaresult, the CO, emissionsin France have declined over the
past two decades. In Japan, the emissions have gone marginally
up reflecting its greater reliance on thermal power.

Economics

Inthepast, thelndian nuclear power sector waslinked to atomic
energy pioneer Bhabha' s statement, “No power is as costly as
no power.” However, planners today recognise the importance
of economics, and nuclear power must be cost-effective to be
deployed in larger scale.

Likeall power technologies, therearefixed costsand operating
costs, and their inherent uncertainties. Such calculations aso
depend on the assumptions. Fixed costs depend significantly on
the chosen design/technology. And to some extent, operating
costs also depend on this. In our analysis, we project costs for
state of the art LWRs based on imported designs and foreign
collaboration.

We present a hypothetical LWR economic analysis based on
actual numbers from existing plants or figures from personal
discussions with technology suppliers from the US and Europe
[UBS Investment Research 2005]. In these calculations we have
not included the liability costs for power producers and the
government in case of any accident. There have been a few
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Figure 4. CO, Emissions from Burning of Fossil Fuels
in India, Japan and France 1980-2003
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conventions(Vienna, 1997 and Paris, 1998) to di scusstheamount
of liabilities, and the US enacted the Price-Anderson Act to cover
such nuclear accidents.22 However, India has not enacted such
legidation. A unified international liability regime, under dis-
cussion, may soon emerge that provides for an acceptable upper
limit of liability and also creates aninternational funding mecha
nism. India may have to join such conventions.

This is the nomina cost, and appears quite competitive for
plants being built out in India. For comparison, DAE’s numbers
for costsareoften“ overnight construction costs’ and do not factor
inmany of thecomponentsshown. Evenif certain costsendup being
higher, there s adequate margin to accommodate such increases.

Isthe model realistic? As afirst cut analysis, it appears to be
feasible given that we have been conservative in some calcu-
lations, e g, interest during construction and decommissioning.
Estimates for decommissioning vary, but these costs are signifi-
cantly out into the future, even more than the operating life of
the plant due to a cooling period of multiple years. Thus, setting
aside a fraction of the capital costs (which we estimate as, say,
$100/kW additional), into an interest bearing fund is likely to
cover the costs of decommissioning 50 or 60 years hence, even
if the real pricesin the future were to be double than estimated
[UBS Investment Research 2005].

It is difficult to predict the exact costs of construction for
imported plants, in part because it depends on the exact design,
technology and local manufacture. European estimates of today
(not projections) are approximately 1,680 $/kW (overnight

Table 4: Life Cycle CO, Emissions from Various Sources

CO, Emissions (g/kwWh)

Coal 800-1,200
Natural gas 390-510
Nuclear 2-59
Wind 7-124
Solar PV 13-730
Biomass 15-100

Table 5: Share of Thermal and Nuclear Generation in France,
India and Japan, 1980 and 2003
(in per cent)

Thermal Generation Nuclear Generation

1980 2003 1980 2003
France 47.0 103 25.3 78.0
India 58.5 84.3 25 29
Japan 69.5 63.7 14.3 233
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construction costs) [UBS Investment Research 2005), and
there are indications that with scale and some new designs,
this could decrease measurably. Suppliers for new design
plants indicate overnight construction costs as low as $1,100/
kW. Today’s higher costs for nuclear power estimated in the
US or even parts of Europe reflect long (actual or estimated)
construction times, higher capital costs than feasible with
current state of the art, higher costs of capital, and high
operating costs. Reducing these aone would make nuclear
power competitive against traditional fuels.

While calculating these costs, some observations are in order.
Nuclear power iscapital intensive. Thus, onemay wonder whether
there are sufficient funds for so many new nuclear power plants.
The imported LWRs are perhaps the best option for garnering
international funds for the Indian power sector. Because of the
absence of large markets for nuclear power in the US, LWR
manufacturers will be interested in selling such power plants to
India, if necessary even with attractive financial packages. This
will be anew source of money that isunlikely to be substitutive.
Inaddition, the corollary of thehigh capital costsislow operating
costs, especialy for fuel. Thus, while fossil fuel prices may
increase rapidly in the coming years, even if nuclear fuel prices
rose similarly (which projections indicate they would not), the
impact on net power costswould be on the order of half, or lower
compared to gas plants.

We propose that the best model may befor theforeign partner,
perhaps in collaboration with an Indian power corporation, to
undertake to build the power plant, supply fuel, and produce
power, which Indian power utilities can buy at reasonable rates.
Given some uncertainty in variousfactorsin Table 6, the nuclear
operator (which may entail an Indian partnership, of course),
would take on the risks of uncertainty, in return for a slightly
higher price by 10-20 paise/lkWh. This would differentiate the
model from the Enron one, where therisksand costs were passed
through to the Indian side.

Indigenous R and D and Imported Reactors

There have been fears from some quarters that indigenous
R&D would be demoralised and dwarfed by the import of

LWRs. Actually, the situation is quite opposite: this would
enable the Indian Atomic Energy Establishment to focus al
its energy and resources on building more PHWR, proving
fast breeder reactors for commercial electricity generation and
exploring the thorium option by building a sizeable nuclear
reactor and specialised reprocessing facilities. All these take
decades and thus require long-term planning and effort, in
contrast to the more immediate power needs in India. Previous
work has shown that breeder reactor technologies will not
be able to power significant capacity in the coming one to
two decades [Tongia and Arunachalam 1998]. While some
solutions may not turn out to be feasible or optimal, new fuel
cycles and sources and are going to be very relevant in the
future when the world runs out of cheap fossil fuel and even
of uranium resources. The once through uranium option that
ignores the presence of plutonium is advocated by the US
because of its fears about proliferation. In the long run, this
argument may not be sustainable as the technology uses a
mere few per cent of one isotope of uranium ignoring the rest
of this energy-rich resource; there are also options that
mitigate proliferation risks. If many countries opt for nuclear
power — aready the UK having expended a large fraction of its
North Seafossil fuel resourcesis veering back to nuclear power
— the uranium resource may get tighter. Fast reactor technology
is then going to be critical.

If Indiaperseveresintheseareas, it may then end up asapioneer
in plutonium and thorium technol ogiesthat may meet itsgrowing
power needs not in the immediate decades, but a few decades
later. Indiawill thenturn out to be global leader inthesetechnol o-
gies. An embargoed nation, long denied its due, would rise to
become the global resource for these technologies. Already, a
few western scientists having despaired of the difficultiesinher-
entin fusion power have concluded that fast reactor technologies
are going to be necessary for the coming many centuries [MRS
Bulletin 2005].

In addition to direct economic competitiveness, nuclear power
may offer benefits as and when carbon credits are monetised.
Already, the clean development mechanism and other financial
instruments are affording amodest effective carbon tax on many
projects (or credit for “green” power). Carbon emission credits

Table 6: Economics of Potential Imported Nuclear Plants (LWRs)

Capital Costs

Plant Size 1,000 MW (net) Indian power plants are quoted as gross capacity
Overnight construction costs 1,300 $/kW This is higher than the projected nth of a kind costs for new designs, but lower than today’s numbers.
Plant Load Factor 80 per cent Lifetime
Weighted Average Cost 10 per cent  Nominal Assumes some fraction as debt at a lower rate, remaining equity; typically this is 70:30 debt:equity.
of Capital International borrowings are likely to be less expensive than domestic capital markets
Lifetime 30 Years The actual operating lifetime is projected at 50 years, but fiscally, we assume a more conservative
estimate for financial calculations.
Decommissioning charge 100 $/kW This is the upfront extra capex, which yields significantly more money towards the end of life due to
time value of money (due to compounding)
Interest during 25 percent Oncapex This is the net effect of debt during the construction phase; assumes a logistic curve for cumulative
construction multiplier expenditure (equivalent to a bell-curve for expenditure over time)
Net Capital Costs 1,725 $kw
Capital costs normalised
per kWh 2.61 Cents/kWh
Operating Costs
Fuel 0.5 Cents/kWh This is based on (MIT 2003) and includes additional transport to India
Other operating 0.6 Cents/kWh This is on the lower end of actual costs; assumes new, standardised designs
Waste disposal 0.1 Cents/kWh This is an estimated charge (UBS Investment Research 2005), towards disposal; fuel supplier should
integrate this into fuel supply obligations
Total costs 3.81 Cents/kWh
or 1.70 Rs/kWh @44.5 Rs/$
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would push nuclear to the forefront in terms of economics,
either through a carbon tax or effective means such as caps
and trading mechanisms [MIT 2003]. A plant with a foreign
collaborator is more likely to be able to avail such credits,
and thus could become even more cost-competitive.

Of course, nuclear power, to scale, must move beyond any
specia statusand competewith other fuels. Inthislight, imported
reactors must be gauged in terms of their techno-economic merit,
and our anaysis indicates they appear competitive and worth
further examination.

Conclusion

Nuclear power needs to be placed in perspective for meeting
India’ s power requirements, and we can see that the other fuels
areunlikely to closethe gap between desired growth and business
as usua growth. We do not claim nuclear power is the panacea
to India' s energy challenges, rather, suggest that nuclear power
is a worthwhile option to pursue. India stands to benefit from
imported nuclear fuels and reactors to significantly augment its
indigenous capabilities. The economics may also turn out to be
favourable, especidly if thereisforeigninvestment. Whilenuclear
plants are capital intensive, operating costs are relatively low,
and fuel costs are unlikely to escalate similar to rises seen for
fossil fuels. The recent US-India declaration on civilian nuclear
power and cooperation should be viewed not with suspicion or
alarm but rather as an opportunity for India to increase its
power generation using nuclear and also as recognition for its
outstanding nuclear non-proliferation practices. This will aso
free the Indian Atomic Energy establishment to focus on the
development of advanced f@Ilicycle reactors based on thorium
and plutonium that may yield a large payoff in an increasingly
carbon-constrained future.
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1 For a detailed analysis of such issues, see Tongia (forthcoming).

2 Thisin itself is a tall order. In the last several years, India has added
amaximum of about 5,000 MW. This, however, dwarfs when compared
with China's achievements. China added 51 GW last year to take its
installed capacity up to 440 GW.

3 Thermal power plants are required to maintain coal stocks of 30 days.
However, due to shortage in production, many generating stations are
reportedly operating with stocks of less than a week.

4 The criticality of river transport for hauling raw materials can be seen
from the fears expressed over hurricane Katrina' s devastation of the port
of New Orleans. It appearsthat thereareno efficient and cheap alternatives
to river transport to pass through the New Orleans transport corridor. A
writer compared the devastation and the resulting damage to the economy
asequal tothat of anatomicbomb attack over that city! (George Friedman,
The New York Review of Books, p 4, October 6, 2005).

5 Indian coal islow in sulphur and therefore SO, emissions are not amajor
issue unlike in other countries, such as the US.

6 Thestack height for a500 MW power plant shouldbe275mand particulate
matter limit for a 210 MW (or more) power plant is 150 mg/Nm?.

7 For an assessment of how the various environment control technologies
impact capital costsand cost of generation, seethelntegrated Environment
Control Model (IECM) developed at Carnegie Mellon University. It can
be downloaded from: www.iecm-online.com
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8

For recent developments, see Tongia (2005).

9 Asper oneestimate, especially for baseload production of power, natural

gas prices should be roughly $ 3.5/MMBTU for it to be cost
competitive with coal.

10 As per the Ministry of Non-Conventional Energy Sources, gross

potential assumes 1 per cent land availability in potential areas
and technical potential assumes 20 per cent grid penetration. It
is not clear how these potentials were estimated. These numbers
have been quoted by the Ministry of Non-Conventional Energy
Sources for some years and may not be based on robust long-term
data.

11 The Ministry of Non-Conventional Energy Sources laid down several

12

14

15

16

17

recommendations for buy-back, wheeling and banking of electricity
produced by renewable sources. It recommended that the utilities buy
back the electricity at Rs 2.25/kWh with 5 per cent escalation with
effect from 1994-95. This is an attractive rate for most renewable
sources. However, often the State Electricity Boards do not honour
the power purchase agreements and delay payments to generators by
several months.

Power of a wind turbine varies as the cube of the wind velocity.

M ost European countriesaregoinginfor of fshorewind power development.
In some cases, the distance from the shore s 30-40 km. Theturbine power
output is proportional to the cube of wind speed and hence higher wind
speeds allowed for developing wind turbines of power rating in excess
of 3 MW.

Besides, it may not be advisableto have alarge number of biomass-based
power plants since in many cases the residues have aternate economic
applications in the villages and provide nutrients to the soil.

The full amount of stolen electricity would not be paid for, as demand
would come down slightly. But, compared to the growth projected in
Table 2, this is a very small potential. Even assuming 20,000 MW of
stolen electricity today (not al the T and D losses of today are stolen),
and if haf this load decreases when users have to pay, this represents
only on the order of 0.5 per cent growth rate of capacity.

The peak PHWR capacity depends on the rate at which plants can be
built. If morearebuilt quickly, ahigher peak can bereached, but sustained
for shorter period of time, such that with the end of life of the last unit,
the last domestic uranium is used [see Tongia and Arunachalam (1998),
pp 549-58 for more details].

France, for ashort period, had 30 simultaneous plants under construction,
and commissioned nine reactors in 1980, but this was preceded by only
twointhepreviousyear and six and twointhefollowing years. USgrowth
innuclear capacity wasashighas9.7 GW inasingleyear, but theaverage
over the 20 years of “boom” construction was less than 5 GW.

18 Theenergy related CO, emissionsof other countriesin 2003 were (million

19
20

21

22

tonnes CO,): US (5802), China (3540), Russia (1600) and Japan (1205).
Western European countriescombined accounted for 3895 milliontonnes.
Within Western Europe, leading emitters are Germany (842), UK (564),
Italy (465) and France (409).

This group had its inaugural meeting in Sydney on January 12, 2006.
In 2003, total CO, emissionsfrom coal were 666 million tonnesfrom 355
million tonnesof coal. However, thisincludesboth power sector and non-
power sector emissions. As per EIA data, we estimate CO, emissions
(kg) per kg of coal to beabout 1.8 in power sector and 2.3 in other sectors.
Better accounting of all stagesin life cycle assessment may change the
estimates, as well as dynamics in the technology and fuel cycle. For
instance, recent studies at Carnegie Mellon University, Pittsburgh, show
thatlife-cycleanalysisfor natural gassystemssignificantly underestimates
the greenhouse gas emissions as greater fractions of natural gas are
transported as LNG. Liquefaction and transport of natural gas has energy
requirements as well as venting of natural gas, which has a greater
greenhouse effect than CO,,

The Price Anderson Act, originally passed by US Congressin 1957 and
most recently amended in 1988, requires nuclear power plants to show
evidence of financia protection in the event of a nuclear accident, but
commercial insuranceislimitedinavailability. The Act poolsmoney paid
by all the nuclear power plantsinto afund, but provides acap on operator
lighilities.
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