Economics of Nuclear Power
from Heavy Waler Reactors

Using a discounted cash flow methodology, this paper performs a detailed analysis of the
current costs of electricity from two of the Department of Atomic Energy’s heavy water
reactors. It compares these costs to that from a recently constructed coal-based thermal

power plant. The cost so computed is a sensitive function of the discount rate (a measure of
the value of capital) used and the results show that for realistic values of the discount rate,
eectricity from coal-based thermal power stations is cheaper than nuclear energy.
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moting nuclear power as the “obvious choice for India

to solve its energy problems in the long-term” [Bhoje
2001]. Such promisesthat nuclear power would play animportant
roleinsatisfying India’ senergy needshavebeenroutinely offered
since the 1950s, but the actual growth of nuclear power in the
country hasbeen extremely modest. Asof January 2005, thetotal
installed nuclear power generation capacity is 2,770 MW, less
than 3 per cent of thetotal installed el ectricity generation capacity
in the country.l

The promise offered by DAE is not only that nuclear power
wouldformanimportant component of India selectricity supply,
but that it would be cheap. As early as 1958, barely afew years
after the DAE was set up, Homi Bhabha, the chief architect of
the programme, projected “the contribution of atomic energy to
the power production in India during the next 10 to 15 years”
and concluded that “the costs of [nuclear] power [would] com-
pare very favourably with the cost of power from conventional
sources in many areas’ (emphases added) [Bhabha and Prasad
1958]. The ‘many areas’ referred to regions that were remote
from coalfields. In the 1980s the DAE stated that the cost of
nuclear power “ comparesquitefavourably with coal fired stations
located 800 km away from the pithead and in the 1990s would
be even cheaper than coal fired stations at pithead” [Srinivasan
1985b]. This projection was not fulfilled. A more recent Nuclear
Power Corporation (NPC) internal study comes to the less
optimistic conclusion that the “cost of nuclear eectricity gen-
eration in India remains competitive with thermal [electricity]
for plantslocated about 1,200 km away from coal pit head, when
full credit is given to long-term operating cost especidly in
respect of fuel prices’.?

Despite its inability to live up to its promises, the DAE has
alwaysreceived high level sof financial support from the govern-
ment, which have increased over the last few years (Table 1).3
This government support has once again revived the hopes of
the DAE for large-scale expansion; the DAE envisions having
atotal installed capacity of 20,000 MW of nuclear power by the
year 2020 [Joseph 1999]. The largest component of this would
be in the form of Pressurised Heavy Water Reactors (PHWR)
[Chidambaram 2001].4

This anticipated increase in nuclear power capacity, in parti-
cular thefocuson PHWRs, makesan assessment of theeconomics
of electricity generationinthesereactorsparticularly relevant and
urgent. Over a decade ago, a comparison of energy technologies

The Department of Atomic Energy (DAE) has been pro-
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had concluded that other options like coal and hydroelectric
power were cheaper than nuclear power under realistic assump-
tions and “even if the projections and scenarios indicate large
demand-supply gaps in the future, the most expensive way of
bridging these gaps is through nuclear power plants’ [Reddy
et al 1990].

The present study was undertaken with the hope that over the
last decade more information on the expenditures actually in-
curred would have become publicly available, allowing a better
and more reliable estimate of the costs of electricity generated
inrecently constructed and proposed reactors. Thishope hasbeen
only partially realised. While the total expenditure on various
reactors is available, details about operational and maintenance
expenditure, the cost of producing heavy water, and so on, are
not available in the public domain. Nevertheless, using the
available current information, and making reasonable assump-
tions or extrapolations from other countries, we have calculated
the ‘busbar’ cost of generating electricity (i e, not including
transmission and distribution costs) that is delivered to the grid
(i e, taking auxiliary or in-plant consumption of electricity into
account).®

In order to assess the economics of nuclear power, one has
toweighthese costsagainst the corresponding costsof generating
power through some roughly comparable technology. For this
purpose we follow the DAE’s analyses and choose coal-based
thermal power plants, which constitute 58 per cent of India's
generation capacity [CEA 2003]. Like nuclear reactors, these
provide base-load electricity.

Methodology

Theconventional accounting procedureadopted often by Indian
energy planners is the return-on-investment (ROI) approach.
Here the unit energy cost includes four components: return on
(capital) investment, depreciation of capital, annual costs of fuel
and other materials, and operational and maintenance costs.
Though widely used, this approach has important shortcomings.
In particular, it ignoresthetime value of money and the gestation
period of the project. For example, the total capital cost of the
project is calculated by adding up capital expenditure figures
from various years.® This means that a project that takes many
years to build and generate electricity would appear equivalent
to one with which delivers power in a shorter time but with the
same total investment.
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We therefore use the discounted cash flow (DCF) approach
that is widely used in investment analysis [Brealey and Myers
2000]. This has been applied to earlier studies of the costs of
nuclear power [Reddy et al 1990], but we have fine-tuned it for
this study by taking into account many of the sub-processes
involved in nuclear power production. The principle underlying
this approach is that money received today is worth more than
the same amount of money received later; for example, at an
effective annual interest (or discount) rate of 10 per cent, today’s
one rupee would be equivaent to Rs 1.10 a year from now.’
Therefore the timing of cash inflows and outflows is important.
In the DCF approach, all costs are discounted to some arbitrary
but fixed reference date; the total cost reckoned at this reference
point isthe sum of the present values (PV) or future values (FV)
of costs discounted to this date. Similarly one can calculate the
present value of the revenuesfrom the expected sal e of electricity
from the project. The levelised cost of electricity is then deter-
mined by setting the sum of discounted costs equal to the sum
of discounted revenues.

Wewill expressall costsin2002 (fixed year) rupees. Our results
will thereforebeintermsof real discount ratesrather than nominal
rates. However, the two are equivalent. To convert costs from
one year to another, we use the ratio of GDP deflators for the
respectiveyearsasspecified by theWorld Bank.8 Thesearelisted
for the last 22 years in Table 2.

The cost of generating electricity consists of three main com-
ponents: the capital cost of constructing the generating facility,
theannual fuelling and operati onsand maintenance (O& M) costs,
which must be incurred as long as the facility is running, and
the waste management expenses from the running of the facility
in an environmentally acceptable manner. One other component
in the case of nuclear power is that of decommissioning the
reactors. Though thisis an expensive process, becauseit is done
only many yearsinto the future, its discounted cost will be small.
In mathematical terms:
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where C, = capital cost in year I; M = total number of years of
construction before reactors becomes commercial; i = real dis-
count rate; N = number of years of operation; O, = operations

PV (Costs) =

and maintenance (O&M) cost in year k of operation; F, = fuel
cost in year k of operation; W. = waste disposal cost in year j;
P = cooling time for spent fuel; D, = decommissioning cost;
T = number of years after completion of operations before de-
commissioning is expected to take place. Note that in the first
term on the right hand side of the equation, all of the exponents
in the denominator are non-positive since the index runs from
-M to 0.

The present value of therevenue generated by selling el ectricity
is given by

N

PV (revenues) = CG;EK (L)

where C, = levelised cost per kilowatt hour (kWh), and E, =
energy in kWh generated in year k.

When calculating the price of electricity from a power plant
that is yet to be constructed, it is normal to assume that annual
energy production is constant. It is also assumed that the O &
M, fuel, and waste management costs will increase due to in-
flation, but are constant in real terms. Since we will be working
in fixed year rupees, they will be constant in our calculations.

Wewill find that the results of our analysis depend sensitively
on the discount rate used. There is no consensus on what this
rate should be since it is an expression of how planners wish
to allocate resources and how they value future benefits in
comparison with current sacrifices. The Central Electric Author-
ity has been using a12 per cent discount ratein their calculations
for planning and evaluation of projects [Bose 2000]. So has the
Planning Commission. However, thisis anominal discount rate
and translates to areal discount rate of about 6-7 per cent at the
prevalent 5-6 per cent inflation rates. Our calculations will use
areal discount rate, which we vary in order to test the resullts.

Capital Costs

The largest component of the cost of producing electricity in
the case of nuclear reactors is the capital cost of the reactor.
Operating costs typically constitute only asmall part of the cost
of generating electricity in nuclear reactors. The capital cost
consists of the construction cost, and the costs of the initial
loading of fuel and heavy water. Within the DCF methodology,
one does not include the interest during construction (IDC) that
is often mentioned as part of the cost of reactors, since interest
results from the need to borrow money and is not relevant when
comparing aternative investments.® Inclusion of the interest

Table 1: Government Outlay for DAE
(In crores of rupees)

1997-1998  1998-1999 1999-2000 2000-2001 2001-2002 2002-2003 2003-2004 2004-2005 2005-2006
Budget estimate  1,836.53 2,608.06 2,962.01 2,750.57 2,779.39 3,868.95 3,800.09 4,469.97 4,995.86
Revised budget 1,996.33 2,418.12 2,682.04 2,745.21 2,768.59 3,351.69 3,738.77 4,240.46
Source: Union Expenditure Budgets 1998 through 2005 (Plan + Non-plan expenditure).
Table 2: GDP Deflator Data for India

(Base Year: 1993)
Year 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991
Deflator 36.1 38.9 42.3 45.5 48.7 52.0 56.8 61.6 66.7 73.7 83.9
Year 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
Deflator 91.3 100.0 109.7 119.5 128.2 136.5 147.3 153.0 159.9 165.4 172.0

Source: The World Bank database (available on the Internet to subscribers).
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component would make nuclear power projectsmoreunattractive
since they are capital intensive and take longer to construct;
hence, thisisaconservativeassumption (i e, favourableto nuclear
power).

Capital costs can vary considerably. We consider two specific
cases, one set of two reactors already commissioned, and another
set being constructed. 19 In the first case, we use the actual costs
of the two 220 MW reactors at Kaiga Nuclear Power Station
(Kaiga | and I1) that were commissioned in 1999. Along with
theRAPSIII and 1V reactors, these are the newest reactors; thus,
one expects that these would have incorporated the lessons of
the DAE’ sexperienceswith earlier reactorsand also beindicative
of thefutureasfar assimilar reactorsareconcerned. Inthesecond,
we use the projected costs of the two 220 MW reactors at the
same site (Kaiga Il and V) that are scheduled to be commis-
sioned in December 2006 and 2007.

Construction Costs

Theinitia cost estimateof Kaigal and 11, whichwereoriginaly
scheduled to be completed in 1994 [ Srinivasan 1985a]; reprinted
in[Srinivasan 1990: 127-37],wasRs730.72crore[ DAE 1996: 67].
However, these plantsbecamecritical only in 1999.11 At thetime
of criticality, the cost of the project was estimated at Rs 2,896
crore[ DAE 1996: 67].12 The yearwise expenditure on the project
isgiveninTable3. Inour cal culations, weconvert theexpenditure
for each year to 2002 rupees using the ratio of GDP deflators
in Table 2.

One reason for the long delay and cost-overrun in the case of
the Kaigal and |1 reactors was that the containment dome — the
structure that is supposed to prevent the escape of radioactivity
into the environment should an accident occur — of one of the
units collapsed in May 1994.13 But all the reactors built by the
DAE have had cost overruns (Table 4).

A 1988 study by the Comptroller and Auditor General of India
(CAG) of theNarorareactorslisted 10 mgj or headsof expenditure
that had cost overruns of 188 per cent or more [CAG 1988]. The
CAG concluded that the revision of costs by 95 per cent in 1982
and 64 per cent in 1985 indicates that the project got “approved
on unredlistic cost estimates. Unrealistic cost estimates and
optimistic time schedulesmakefinancial allocationsand controls
less meaningful.” Cost increases, though not of such a large
magnitude, have occurred with nuclear reactorsin other countries
as well. 18 There is, therefore, the strong likelihood that capital
costsarelikely toincrease. Despitethis, inorder tobe conservative,
we will use the stated estimated costs for all upcoming reactors.

Thefinancial sanction for Kaigalll and IV, the reactors being
constructed at the same site as Kaiga | and I1, isRs 4,213 crore,
including an interest during construction (IDC) component of
Rs534 crore, or about 12.7 per cent of thetotal [DAE 2002b: 94].
Later reports suggest that the NPC anticipates a shorter gestation
time and has lowered the estimated cost to Rs 3,282 crore

[Lal 2002]. Thereduction of the estimated costs are due not only
to lower gestation times but also due to a reduction in the
prevailing rates of inflation and interest, and government con-
cessions given to mega projects [DAE 20024]. It isnot clear how
much of the estimated cost is IDC. In line with the earlier DAE
(2002b) estimate, we will assume that IDC constitutes 12.7 per
cent of the total cost, or Rs 416 crore.

Plant excavation work for these reactors started in March 2001
and they are scheduled to become critical in 2006 and 2007
respectively [NPC 20044a]. However, advance procurement for
these reactors began as early as 1990-91 [DAE 1991: 1.4]. Up
to March 2000, Rs 394.05 crore had been spent on the project
[DAE 2002b: 94]. Once again, we assume that 12.7 per cent of
this constitutes IDC. We aso assume that the expenditure was
uniform over these years. For the remaining period and amount
we assume a different pattern of annual expenditure, shown in
Table5, anticipating shorter construction times. Thisfollowsthe
pattern of expenditure for Canadian PHWRs [NEA 1998: 60].

Heavy Water Inventory Costs

Heavy Water (HW) reactors, as the name suggests, require
heavy water — water with the hydrogen replaced by deuterium,
aheavier isotope of hydrogen. The HW isused both as moderator
(to slow down neutrons emitted during fission so that they have
a higher probability of being captured by other fissile nuclei)
and as coolant (to carry away the heat produced).

Theinitial coolant and moderator inventory regquirements for
each 220 MW PHWR are 70 and 140 tonnes of HW respectively
[NEI 1994]. The NPC reportedly treats the initial HW require-
ments as a non-depreciating asset and calculates lease charges
at 8 per cent per annum to be paid to the DAE [Muralidharan
1988]. Within the DCF methodol ogy, the correct way to include
the cost isto treat the initial HW inventory as an up-front capital

Table 4: Capital Costs of Operating Reactors

Station Capacity Original Cost Revised Cost Criticality
(MW) (Crore) (Crore) Year

TAPS land Il 2 %160 92.99 - 1969
RAPS | 1 x 10014 33.95 73.27 1972
RAPS 11 1x 200 58.16 102.54 1980
MAPS | 1x 220 61.78 118.83 1983
MAPS I1 1x220 70.63 127.04 1985
NAPS I and Il 2x220 209.89 74515 1989 and 1991
Kakraparland Il 2 x 220 382.5 1,335 1992 and 1995
Kaiga I and Il 2x220 730.72 2,896 1999 and 2000
RAPS lll and IV 2 %220 711.57 2,511 2000

Sources: [DAE 1996: 67; DAE 2002b].

Table 5: Expenditure Pattern Assumed for Kaiga Ill and IV

Year before commissioning -5 -4 -3 -2 -1 0
Fraction spent (per cent) 1.9 9.7 20.2 309 273 10

Source: [NEA 1998].

Table 3: Expenditure Pattern (without IDC) for Construction of Kaiga | and I

Year 1983-84 1984-85 1985-86 1986-87 1987-88 1988-89 1989-90 1990-91 1991-92
Base cost (Rs crore) 3.45 7.95 15.33 26.52 14.42 35.31 65.12 118.62 149.53
Year 1992-93 1993-94 1994-95 1995-96 1996-97 1997-98 1998-99 1999-2000 2000-01
Base cost (Rs crore) 137.76 207.83 186.60 185.05 171.87 134.83 113.96 177.85 64.01
Source: [DAE 2002b].

Economic and Political Weekly April 23, 2005 1765



cost. However, at the end of the economic lifetime of the reactor
when the (‘leased’) HW is returned to the DAE, there is a cash
in-flow, which must be discounted to the time of commissioning.

Therearepractically no public figuresavailablefor the amount
of HW produced in the DAE’s heavy water plants (HWP). The
DAE annua performance budgets list, for example, the annual
electricity production at various reactors; however, they con-
spicuously avoid giving any numbers for HW production. In the
past, the DAE has claimed that because of its strategic value,
it would not disclose the production levels.

What little information is available is suggestive of poor
performance. In 1992, The Times of India reported that only 273
tonnes of HW were produced in al the HWP put together
[Fernandez 1992], implying an average capacity factor of about
50 per cent. The CAG report for 1988 reported that the“ Tuticorin
[heavy water] plant produced 20.6 per cent of the installed
capacity inthelast eight years’ (i e, between July 1978 and March
1986). The best production was 42.7 per cent of the design
capacity. The plant has “been able to operate on an average for
about 150 days...per annum” and “the consumption of spares
and maintenance cost was high and Rs 190 lakhs had been spent
per annum on an average” [CAG 1988].

The performance of HWPs appearsto haveimproved; in 1998,
100 tonnes of HW were exported to South Korea [Anonymous
1997].17 In part, this surplus availability of HW is because the
expected growth in nuclear power did not take place. Even in
recent years, however, a number of plants have had prolonged
outages. The Ta cher plant, in particul ar, has been suspended for
many years since the associated fertiliser plant has not been
operating satisfactorily [DAE 2000: 24-25]. Similarly, during
2002-03 the plant at Tuticorin was affected by frequent outages
of the connected fertiliser plant [DAE 2003: 5]. The Thal plant
had extended outages in 1998-99, whereas the Hazira and Kota
plants had prolonged outages in 1997-98 [DAE 2000: 24; DAE
1999: 20]. Consequently in both years, thetotal target production
in HW was not met.

Thecost of HW producedinthe DAE’ splantshasbeen amatter
of dispute. For example, in 1983 the AEC quoted a price of
Rs 3,875/kg whereas the CAG calculated that it should be
Rs 13,800/kg [Reddy 1990]. Since these estimates relied on the
earlier plants, and newer plants appear to be performing better,
we look at the case of the most recently commissioned HWP
at Manuguru.

Sanctionedin 1982, the Manuguru HWP hasan annual capacity
of 185 metric tonnes (MT) of HW. The estimated cost of the
Manuguru HWP when it was sanctioned was Rs 421.60 crore.
In 1989, the plant cost was revised to Rs 661.58 crore. The plant
finally started production in December 1991 [CAG 1994].
According to the CAG, the “total capital cost including interest
during construction and excluding cost of spares came to
Rs 983.38 crore and the increase, with reference to the original
estimated cost ... was...133 per cent.” When questioned about
the cost escalation, DAE stated that “the grounds for sanction
of this project was strategic and not commercia”.

The DAFE's initial estimate of the cost of production was
Rs 5,176 per kg of HW (Rs/kgHW). However, due to dlippages
in the project schedules and consequential delay in commence-
ment of production, the cost of HW worked out to Rs 7,529/
kgHW as of February 1986 [CAG 1994]. Thistranslatesto about
Rs24,880/kgHW at 2002 prices, in the same ballpark asthe 1983
figure of Rs 6,635/kgHW (Rs 26,960/kgHW when inflated to
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2002 prices) cited by the then head of the DAE [Ramanna 1985].
However, inits 1994 report on Manuguru, the CAG pointed out
that “Due to further escalation, the cost would have gone up
further —the figures for costing after commencement of produc-
tion in December 1991 were not produced to Audit” (December
1993). There appear to be no further public estimates of the cost
of the project. In order to be conservative, we will use the figure
of Rs 24,880/kgHW.

One can understand the rather high cost of HW from not only
the high capital costs but aso the extremely energy intensive
nature of the processes involved in producing heavy water.
Therefore, over the last few years, the DAE has been trying to
implement energy efficiency measures. According to the DAE,
duringtheperiod 2001-2002, energy consumptionwasreduced by
about 6 per cent, thereby effecting savings of around Rs 85 crore
[Anonymous 2002].18 Therefore, the total energy consumption
bill was Rs 1,416.67 crore. Excluding the Talcher plant where
operations have been suspended, the total production capacity
of all HW plants at that time was about 490 tonnes per annum.
Even assuming an optimistic 80 per cent capacity factor, the
energy cost of producing one unit of heavy water is Rs 18,070/
kgHW. Therefore, a total cost of Rs 24,880/kgHW is quite
plausible.

When calculating the cost of the initial loading of HW, one
small but pertinent detail isthat thereisusually aperiod of about
six months or more between the reactor becoming critical and
starting commercia operations. For example, Kaiga Il became
critical on September 24, 1999 but started operating commer-
cialy only on March 16, 2000 [Anonymous 1999b; NPC 2004b)].
The reactor is loaded with fuel and HW well before criticality.
Tobeconservative, weassumethat thetotal timebetweenloading
with HW and uranium, and the reactor producing electricity
commercialy is six months. Therefore, just as there is a credit
for the HW returned at the end of the reactor life, there will be
an additional component in the initial capital cost.

Uranium Fuel Inventory

Another component of expenditure in setting up a nuclear
reactor is the initial uranium loading. A 220 MW reactor uses
3,672 fuel assemblies, each containing 15.2 kg of uranium oxide.
The cost of each assembly is reported to be Rs 2,50,000
[Subramanian 2002b] .19 Thistrans atesto Rs16,450/kg of uranium
fuel. This is comparable to, but less than, the 1983 price of
Rs 4,545 per kg of uranium fuel cited by the then head of the
DAE, when trandated to 2002 rupees [Ramanna 1985].

The NPC obtains its fuel from the Nuclear Fuel Complex.
Rather than pay the production costs plus a reasonable rate of
return, the fuel is reportedly ‘hired’ at an administrative price
set by the DAE [Wood 1991]. However, the true cost of nuclear
eectricity must include this cost. A 1985 paper by the DAE
suggeststhat 50 per cent of the cost of initial uranium fuel loading
isalready includedinthecapital cost estimates[ Srinivasan 19854];
reprinted in [Srinivasan 1990: 127-37]. Even assuming this to
be true, within the DCF methodology we have used, the remain-
ing 50 per cent of the cost hasto beincluded as part of theinitial
capital costs. Again, because of the assumed six-month period
between fuel loading and the commercia delivery of electricity,
there is an additional component to the fuel cost.

We will aso assume that the nuclear plant stores about 1.5
months worth of uranium (at the assumed capacity factor) and
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HW (to account for expected losses) and incorporate this as a
capital cost.20

Decommissioning Costs

Within the DCF methodology, the cost of decommissioning
a reactor, which is done at the end of the economic life of the
reactor and a long period of cooling, which we assume to be
40years, should beincorporated asacapital expense. Whilethere
is little experience with actually decommissioning nuclear re-
actors and how much it costs, agencies that promote nuclear
energy typically assume that decommissioning would cost be-
tween 9 per cent and 15 per cent of the initia capital cost of
a nuclear power plant [UIC 2001]. There are other estimates.
The US Nuclear Regulatory Commission estimates the cost of
decommissioning nuclear reactors to be about $300-450 million
[NRC 2004]. Since the typical US nuclear reactor costs about
$1,500/kW and has a capacity of 1,000 MW, this is equivalent
to 20-30 per cent of capital costs or $300-450 per kW. On the
higher side, decommissioning the 1,240 MW Superphenix is
estimated to cost $4,000 per kW.

Though based on some limited experience, the numbers cited
above are only estimates. Actual experiences have often been
significantly more expensive. Decommissioning the 100 MW
Niederaibach HW reactor cost $1,910 per kW while the 45 MW
Japan Power Demonstration boiling water reactor cost $3,180
per kW [WISE 1998].

Nevertheless, in order to be conservative, we will assume that
decommissioning expenses are 10 per cent of the initial capital
cost. Decommissioning is usualy divided into three stages
[Saddington 1983]. In rough correspondence with these stages
we assume that 40 per cent of the decommissioning expenses
occur when the reactor is shutdown at the end of the economic
life of the reactor, another 20 per cent at 20 years following
shutdown, and theremai ning 40 per cent, 40 yearsafter shutdown.

As mentioned earlier, there is no consensus on what the dis-
count rate should be chosen for calculations of economics of
electricity generation. Thisdebate is most intense when it comes
to costs that are borne by future generations.2! Choosing alarge
discount rate would mean that future expenditures are given very
little weight in economic calculations. Some economists have
proposed that in the interests of intergenerational equity, such
activities should be valued at a zero or avery low discount rate
[Howarth and Norgaard 1993]. One suggested approach isto use
two discount rates, one for the near term expenditures and one
for long-term expenditures. For example, the Charpin report on
the future of nuclear energy in France chooses a 6 per cent
discount rate for expenses in the first 30 years and a 3 per cent
discount rate for expenditures thereafter [Charpin et a 2000].
Decommissioning expenseswould fall in thelatter category. For
simplicity and in order to be conservative (i e, favourable to
nuclear power), we choose the same discount rate for all expen-
ditures, which, asmentioned earlier, isvaried in our calculations.

Table 6: RAPS-I Heavy Water Escape and Losses

Year Escape (kg/day) Loss (kg/day) Annual Loss (Tonnes)
1972 135 31 11.3
1973 197 69 25.2
1974 249 57 20.8
1975 386 77 28.1

Source: Srinivasan 1990, p 24.
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Recurring Costs

Fuel Loading Costs

The amount of fuel needed to produce a unit of electric power
is given by the formula

Electrical power generated
Fuel Used =

((thermal efficiency) x (burn up))

The thermal efficiency is the electricity generated per unit
thermal power output. The burn up is the heat liberated per unit
mass of fuel irradiated; it depends on the reactor type, the fuel
used (level of uranium enrichment), and fuelling practices. In
the case of the PHWRs we are considering, the average burn
up is 7,000 MWD/tU (megawatt-day per tonne of uranium)
[Hibbs 1997a; Changrani et al 1998]. The thermal efficiency for
PHWRsistaken to bethedesign efficiency of 0.29[Balakrishnan
1999]. In terms of gross generation, the uranium utilisation is
20.5 mg/kWh (milligram per kilowatt-hour).

Heavy Water Make-up Costs

There are also routine losses of heavy water in PHWRs. This
is due to many reasons. For example, during the initial years
at the Rajasthan Power Station, there were several failures
involving heat exchangers [Ghosh 1996]. These have HW on
one side and cooling water on the other. Thus, when they fail,
the HW could get mixed with cooling water and escape. There
have al so been anumber of HW leaks and spills—in 1997 alone,
such leaks occurred at the Kakrapar I, MAPS Il and Narora Il
reactors [IAEA 1998: 301-20). Such leaks could occur due
to various causes. For example, on April 15, 2000, vibration
caused the failure of a gasket in the moderator system piping
of the Narora Il reactor and 7 tonnes of HW leaked out
[AERB 2001: 13].

Typically someof the HW that isspilt or has otherwise escaped
is collected, purified and reused but the rest is discharged into
the atmosphere. This creates a radiation hazard to workers and
potentially the general public due to the tritium build-up in the
HW [Ramana 1999].22

In the early years of RAPS-| operations, routine escape and
losses were fairly high (Table 6). These have since reduced. In
the 1980s, the DAE estimated that the annual HW make-up
requirement for two 235 MW reactors (subsequently de-rated
to 220 MW) was 16 tonnes/year [Ramanna 1985]. More
recently, the first managing director of the NPC states that the
annual make-up of HW in a 220 MW reactor is 7 tonnes/year
[Kati 2003: 39]. Another report mentionsthat average HW losses
for the K akrapar reactorswere " between 500 and 600 kg/month”,
or about 6 to 7.2 tonnes per year [Hibbs 1997b]. Wewill assume
that each 220 MW reactor loses 7 tonnes/year.

Operations and Maintenance Cost

Operating and maintaining a nuclear power plant involves a
number of expenses including paying the many trained profes-
sionals needed to run the plant, materials for maintenance, site
monitoring, operating waste management facilities, collecting
and purifying heavy water that escapes, and so on. Once again
there is little data available publicly. We will assume that this
is 2 per cent of the capital cost.23
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Waste Management

The problem of dealing with radioactive nuclear wastes has
been one of the most contentious aspects of nuclear power
programmes around the world [NEA 1996 and Berkhout 1991].
Since some of these wastes are extremely long lived, the gen-
eration of these wastes represents a burden to future generations
who do not utilise the electricity produced in these nuclear
reactors but may have to undertake measuresto ensure that these
radioactive materials do not enter their food chain, water re-
sources, and so on. Any attempt at quantifying the costsinvolved
is bound to have enormous uncertainties. Nevertheless, the
approach used by nuclear power advocates has been to use the
cost of setting up a structure that is expected to contain the
radioactive materials within it for a long period of time as the
cost of waste management. Despite the controversies involved,
we shall follow this approach.

Most of the radioactivity produced is contained in the spent
fuel, i e, fuel after irradiation in nuclear reactors. Besides this,
large quantities of low-level solid and liquid wastes are aso
produced during reactor operation and maintenance.?* These
arelargely treated on-site and we will assume that the
expensesincurred therein are included in the operations and
maintenance costs.

Countries around the world have adopted one of two ap-
proaches to deal with the highly radioactive spent fuel. In the
first, the spent fuel is ‘directly disposed’ by keeping them first
inintermediate storage and eventually storing them in geol ogical
repositories. The other approach isto ‘reprocess’ the spent fuel
to extract plutonium and the unused uranium, and concentrate
the most highly radioactive components in the spent fuel into
liquid ‘high level waste’. Though controversies remain, it is
generally accepted that direct disposal is the cheaper method of
dealing with nuclear wastes at current uranium prices on the
international market [Berkhout 1997; NEA 1994; Bunn et al
2003]. At current uranium prices, [Bunn et al 2003] estimate that
reprocessing adds “ more than an 80 per cent increasein the costs
attributable to spent fuel management (after taking account of
appropriate credits or charges for recovered plutonium and
uranium from reprocessing)” and the difference in costs “is
likely to persist for many decades.”

The DA E hasadopted themore expensiveroute of reprocessing
to deal with spent fuel. The rationale offered for this choice has
been the three-stage programme envisioned by the DAE. The
first stageinvolvestheuseof uranium fuel in PHWRS, the second
stage involves fast breeder reactors that use plutonium from
reprocessed spent fuel from PHWRs and thorium to produce
uranium-233, and thethird stageinvol vesreactorsusing uranium-
233 and thorium [Kakodkar 2000]. Since the second stage of
the programme requires plutonium, reprocessing is needed to
proceed with this programme. This requirement is used by the
NPC to neglect the cost of waste disposal from PHWRs. In the
NPC’s analysis of the economics of PHWRSs, “the cost of waste
disposal has been assumed to have trade off with the amount
of reprocessed fuel generated for next stage of nuclear power
progranme’ [Nema 1999].

Even if one were to follow the NPC's logic and assume that
the hugely expensive infrastructure needed for reprocessing is
apart of the second stage of the nuclear power programme, there
is till the cost involved in dealing with the spent fuel prior to
reprocessing. Becausethe spent fuel asit comesout of thereactor
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ishighly radioactive and producesalot of heat, itisinitialy kept
under water for cooling. In Indig, this is done for a minimum
of 430 days [Changrani et a 1998]. In practice it may be more,
even up to 5 to 10 years, which would increase the waste
management costs at the nuclear power plant [Srinivasan 1995].
Then it has to be shipped to the reprocessing plant.2> Once again
because of the high radiation levels (even after cooling), spent
fuel shipping containers must be heavily shielded, and must be
designed to stringent safety standards. For these reasons the cost
of spent fuel shipping is not an insignificant component of the
fuel cyclecost [Graves1979: 261]. The OECD’ sNuclear Energy
Agency quotes a price of $13 per kilogram (1991 US dollars)
for transporting spent fuel from PHWRs [NEA 1994: 78].
Converting this to 2002 rupees, this is equivalent to Rs 878/kg
of spent fuel.

To estimate the cost of waste management, we will assume
that the spent fuel is simply handed over to the reprocessing
plant and the only cost incurred as part of the fuel cycle of
the PHWR isthe cost of transportation. Thisisavery conserva-
tive assumption when calculating the electricity price from
PHWRs. A fairer evaluation would attribute at least part of the
reprocessing expenditures to the electricity generation costs at
PHWRs.

Performance

The cost of electricity depends on the efficiency, measured in
termsof load factor or capacity factor, with which the generation
facility operates. Thiscost variesinversely asthe capacity factor.
For long, the DAE’ sreactorswere among the poorest performers
in the world. In December 1994 Nuclear Engineering Inter-
national, astandard tradejournal, found that the average lifetime
load factor for Indian reactors was 36.08 per cent, the lowest
among the 18 countries with four or more nuclear reactors; only
Brazil, with just one reactor, fared worse [Howles 1995]. Four
years|ater, thisposition was unchanged with thelifetime average
load factor still the lowest [Anonymous 1999c]. However, the
performance of the NPC'’ s reactors has been improving over the
last few years. This suggests that the NPC is over its teething
problems. But it aso reflects the recent dramatic increases in
funding for the DAE (Table 1). Further, at thelevel of individual
reactors, performance has remained erratic. For example, in
2002-03, the Kakrapar-| reactor had arecord 98 per cent capacity
factor, but it decreased to 78 per cent in 2003-04, and has
deteriorated further in the 2004-05 [NPC 2004c].

This improved performance of nuclear reactors must be bal-
anced withtwo factors. Firstisthefact that similar improvements
in performance have also been noted in many other sources of
power. The average load factor in thermal power plants, for
example, has increased from 54 per cent in 1990-91 to 69.97
per cent in 2001-02, with plants of capacity greater than 250 MW
having an average load factor of over 80 per cent [CEA 2002].
Performance of the plants run by the National Thermal Power
Corporation (NTPC) has been significantly better; these in-
creased from 70 per cent in 1992-93 to 84.4 per cent in 2003-04
[NTPC 2004]. The second factor isthat with the commissioning
of severa reactors over the past few years — more than half of
the currently installed capacity was commissioned during the
1990s — the average age of the reactor units is low. As these
age, one would expect to see a deterioration of performance as
well as increased costs to keep them running.
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It isinstructive, therefore, to ook at the average lifetime load
factors of the DAE's PHWRs (listed in Table 7). The average
of these is 65.1 per cent. To accommodate the possibility of
improved performance and to be favourable to nuclear power,
we will assume a capacity factor of 80 per cent asthe basefigure
in our calculations. This is much higher than the value of 68.5
per cent (or 70 per cent) commonly assumed in setting tariffs
in power purchase agreements. Such a high capacity factor
partialy offsets the capita-intensive nature of nuclear power.

Another aspect of plant performanceistheamount of electricity
consumed by the power plant itself. The officia in-plant con-
sumption for al electricity-generating plants is 7-8 per cent
[NTPC 2004; CSO 1999]. However, looking at actual figures
for grossgenerationand net exportsat theDAE’ snuclear reactors,
thein-plant consumption figuresin per cent, are 13.4, 12.4, 11.5,
11.3, 12, 11.7, and 11.9 for each of the years between 1994-95,
and 2000-01 respectively [DAE 1997: 10; DAE 1998: 14; DAE
1999: 12; DAE 2000: 13; DAE 2002b: 27]. We will, therefore,
assume 12 per cent for the in-plant consumption in the case of
the Kaiga reactors.

Costs of Coal Power

For calculating the cost of producing electricity from coal, we
chose the case of the Raichur VII Power Station (RTPS VII).
LiketheKaigal & Il reactors, RTPSVII isalso arelatively recent
plant. It has a capacity of 210 MW, roughly the same as each
of the Kaiga reactors, and is an example of multiple projects at
the same location (just as Kaiga lll and IV are co-located with
Kaigal and I1). Being in the same geographical region, it feeds
into the same grid and therefore faces roughly similar problems
from grid instabilities.

The RTPS VII project was sanctioned on March 4, 1999 and
the plant was synchronised to the grid on December 10, 2002;
till March 2003, the total expenditure came to Rs 491.33 crore
[CEA 20044].2% This is less than the sum often quoted as the
expenditure on the plant because it does not include IDC. The
annual expenditures during the four years 1999, 2000, 2001, and
2002 are assumed to be 10 per cent, 40 per cent, 40 per cent,
and 10 per cent of thetotal . Aswith nuclear plants, wewill assume
that the plant storesabout 1.5 months’ supply of coal and furnace
oil and incorporate this into the capital cost.

Operation and maintenance expenses at therma plants are
usually set at 2.5 per cent of the capital cost and we will follow
that practice[Mahalingam 2001]. Based on actual generation data

Table 7: PHWR Load Factors Until 2003
(In per cent)

Station Cumulative Load Factor
RAPS | 23.31
RAPS Il 52.65
MAPS | 52.82
MAPS 11 52.92
NAPS | 60.62
NAPS Il 67.82
Kakrapar | 70.91
Kakrapar Il 84.14
Kaiga | 80.70
Kaiga Il 80.91
RAPS IlI 77.98
RAPS IV 79.20

Source: Power Reactor Information System (PRIS) Database, International
Atomic Energy Agency, available on the Internet at http://www.iaea.org
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at theRaichur units[ CEA 2002], weusean auxiliary consumption
rate of 8.5 per cent. We will assume that the RTPS VII station
has an economical lifetime of 30 years (as opposed to 40 years
for the Kaiga reactors).

The main expensein producing electricity from thermal power
stations is the fuel. The fuel cost depends on the amount of coal
used to generate one unit of power. At the other Raichur stations
[RTPSI toVI], thecoa consumptionfor 2001-02was0.63 kg/kWh
[CEA 2002]. Weassumethesameconsumptionratefor RTPS VII.

The two primary qualities of coa that are of interest to
thermal power plants are the calorific (energy) content and the
proportion of ash. Inferior grade varieties of coal have lower
calorific content and higher ash content. Since the quality of
coal used varies from plant to plant and over time, we follow
the expert committee on fuels for power generation and assume
a standardised coa grade with calorific content of 3,750 kCal/
kg [CEA 2004b]. Thebasic cost of thisgrade of coal at the pithead
including taxes, duties and royalty is estimated by the expert
committee to be Rs 517/tonne; the distance from Raichur to the
coal producing regions of Eastern India is about 1200 km and
the cost of freight for distances above 1,200 but below 1,500
km is Rs 894.9/tonne [CEA 2004b].2” Thus, the effective
cost of domestic coal at the Raichur plant works out to be about
Rs 1,412/tonne.

The corresponding cost for imported coal with calorific content
of 5,400 kCal/kg at the port isabout Rs 1,925/tonne; the distance
from Raichur to Mangalore port is about 450 km and the cost
of freight for distances between 300 and 500 km isRs 251/tonne.
Thustheeffectivecost of imported coa at the Raichur plant works
out to about Rs 2,175/tonne. With these figures, the levelised
cost of electricity using imported coa is about Rs 0.03/kWh
higher than when using domestic coal. Thermal plants also use
furnace oil, whose consumption at the Raichur plant is about
2 ml/kWh. lts price is about Rs 18/litre [NTPC 2005].

All these prices are, of course, subject to market fluctuations
and standard inflationary increases. In principle, the price of
uranium would also be subject to similar changes.28 We will
ignore the fluctuations since these should get averaged over the
longlifetimeof theplant. Theinflationary increasesareimplicitly
taken into consideration by working in fixed-year Rupees.

Just as we included the cost of waste disposal in the case of
nuclear power, hereweincludethe cost of disposal of ash. Typical
ash content in Indian coal is about 40 per cent, of which about
80 per cent is fly ash and the balance 20 per cent is bottom ash
[CPCB 2000]. In 1999, the ministry of environment and forests
stipulated that al coa thermal power plants should utilise the
fly ash generated for manufacturing bricks, road laying, making
embankments, in landfills, and so on. The same notification also
ordered brick manufacturers, public works departments, the
National Highway Authority, and other agencies to use ash
generated in coal plants. The ash is, at least initially, to be pro-
vided free of cost. However, there are definite savings for the
end usersin terms of reduced requirements for variousinputs.2®

In the case of the Raichur thermal plant, the fly ash generated
is used for the manufacture of portland pozzolona cement (PPC)
by the A ssociated Cement Companies, which hasexclusiverights
to collect fly ash for free from three of the seven plants at that
site[Giriprakash 2001]. The use of fly ash for PPC manufacture
lowers the costs of cement production due to reduced require-
ments for thermal and electrical energy, and lower consumption
of clinker. Therefore in general PPC manufacturers have been
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willing to pay the costs of transporting the fly ash from thermal
plants [Shah 1999]. In some cases, they have even been willing
to purchase the fly ash.

Both fly ash and bottom ash can be used to manufacture
bricks, in landfills, and to build roads and embankments. The
cost of using fly ash for brick manufacture have been esti-
mated [Bhattacharjeeand Kandpal 2002a]. Using these numbers,
and assuming the same figures for the case of bottom ash
aswell, we estimate an ash disposal cost of not more than
Rs 174/tonne.

At Rs 174 per tonne of ash, the disposal cost for coa with
40 per cent ash content is Rs 0.05/kWh. It should be emphasised
that this is costlier than current practice because it assumes
that the power plant bears part of the cost for a more environ-
mentally benign way of disposing waste. This is also more
expensive than using the ash for cement manufacture. However,
in order to be conservative, i e, favourable to nuclear power, we
use this figure.

Inlinewiththecurrent government policy, wehavenotimputed
any economic costsfor theair pollution resulting from coal -based
thermal plants. Though such pollution has gained in policy
relevance with the heightened concern about global warming,
inclusion of pollution costs remains problematic for many rea-
sons, especialy in the context of a comparison with nuclear
power. This is because the pollution externalities for nuclear
power are difficult to quantify for many reasons. Two proximate
ones are the scientific and political controversies surrounding
the health impacts of low level radiation and the lack of reliable
data on radioactive emissions from nuclear facilities and the
impossibility of independent verification of the scarce data
available in the Indian context [Ramana and Gadekar 2003].
Finally, unlike carbon dioxide, which has substantial sinks in
the terrestrial and marine ecosystems, there is no way to render
radioactivemateria sbenign. Hence, theenvironmental and public
health impacts of long-lived radioactive wastes could occur well
into the future, possibly tens of thousands of years from now.
There are inherent problems with quantifying these. Thus, it is
al but impossible to make a fair comparison of environmental
externalities between coal power and nuclear power.

Results and Comparison

Wenow comparethe costsof nuclear power fromtheKaigal/Il
and Kaiga Il/1V reactors and cost of thermal electricity from
RTPS VII using domestic coal. Table 9 summarises the figures
used in our calculations.

As mentioned earlier, the cost of electricity is calculated as
a function of discount rate. We begin with the comparison for
a (real) discount rate of 1 per cent. As seen in Table 10, the
levelised cost of electricity from nuclear reactors is lower than
the case of RTPS VII (using domestic coal). The cost of nuclear
power is dominated by the capacity cost whereas that of thermal
power is dominated by the fuel cost.

Since only the capacity cost varieswith discount rate, for other
values of the discount rate we only list the total levelised cost.
These are listed in Table 11. The last row lists levelised costs
for areal discount rate of 6 per cent, which, asmentioned earlier,
roughly correspondsto the discount rate assumed by the Planning
Commission and the Central Electric Authority.

The exact value of the discount rate (i e, the crossover point)
at which the cost of thermal power becomes cheaper than nuclear
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Table 8: Cost of Making Fly Ash Bricks

Percentage | Percentage Il

Fly ash bricks cost differential (Rs per 1000 bricks) 100 100
Volume per brick (cm”3) 1795.4 1795.4
Density of brick (kg/m”3) 1770 1770
Mass of 1000 bricks (kg) 3177.8 3177.8
Fly ash utilisation in fly ash clay brick 0.25 0.25
Fly ash utilisation in fly ash sand lime brick 0.6 0.6
Percentage of fly ash clay bricks as fraction
of total fly ash based bricks (assumed) 50 30
Percentage of fly ash sand lime brick (assumed) 50 70
Fly ash used in 1000 fly ash based bricks (tonnes) 1.35 1.57
Cost of fly ash utilisation (Rs/tonne-flyash) 74.0 63.6
Transportation cost (Rs/km/tonne) 2 2
Assumed distance of transport to brick kiln (km) 50 50
Cost of fly ash utilisation including transport
costs (Rs/tonne) 174 163.6
Table 9: Figures Used in Calculations
Kaiga Kaiga RTPS
land Il Illand IV VII (D)

Sum of annual construction costs3° (Rs crore) 1,816 2,866.88 491.3
Power plant capacity (MW) 440 440 210
In-plant consumption (per cent) 12 12 8.5
Economic lifetime (years) 40 40 30
Uranium fuel price (Rs/kg) 16,450 16,450
Initial uranium loading (tonnes) 111.6 111.6
Fraction of initial fuel cost included in Capital Cost 0.5 0.5
Assumed burn-up (MWD/tU) 7,000 7,000
Uranium utilisation (kg/kWh (gross)) 2.05E-05 2.05E-05
Heavy water price (Rs/kg) 24,880.00 24,880.00
Initial heavy water loading (tonnes) 420 420
Heavy water losses (kg/year) 14,000 14,000
Transport of spent fuel (Rs/kg) 878 878
Decommissioning cost (fraction of

capital cost) (per cent) 10 10
Coal cost (Rs/tonne) 1,412
Coal calorific content (kCal/kg) 3,750
Coal Consumption (kg/kwh) 0.63
Coal ash fraction (per cent) 40
Ash disposal cost (Rs/tonne) 174
Furnace oil consumption (ml/kWh) 2
Furnace oil cost (Rs/litre) 18
O and M cost (fraction of capital cost) (per cent) 2 2 25

Table 10: Levelised Costs (in Rs/kWh) of Different Options
for Discount Rate of 1 Per Cent, Capacity Factor of
80 Per Cent, Economic Lifetime of 40 Years for
Nuclear Reactors, 30 Years for Thermal Plant

Kaiga Kaiga RTPS

land 1l Illand IV VIl (D)
Capacity cost (including O&M) Rs/kWh 0.65 0.67 0.27
Heavy water make-up cost (Rs/net kwh) 0.13 0.13 0
Fuel cost (Rs/net kwh) 0.38 0.38 1.01
Waste disposal cost (Rs/net kwh) 0.02 0.02 0.05
Total levelised cost (Rs/kWh) 1.18 1.20 1.33

Table 11: Total Levelised Costs (in Rs/kWh) of Different

Options for Different Discount Rates, Capacity Factor of

80 Per Cent, Economic Lifetime of 40 years for Reactors,
30 Years for Thermal Plant

Discount Rate (Per Cent) Kaigaland Il Kaigallland IV RTPS VIl (D)
2 1.32 1.32 1.36
25 1.39 1.39 1.37
3 1.48 1.46 1.39
4 1.66 1.62 1.42
5 1.87 1.79 1.45
6 2.10 1.98 1.49
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power fromKaigal and 1 stationsisabout 2.33 per cent (levelised
cost of Rs 1.366). While there is debate on the appropriate
discount rate for public investments, few would argue that 2.33
per cent is a high rate for long-term investments, especialy in
acountry with multiple demandsfor capital. The crossover point
determined by Reddy (1990) varied from 5 to 7.5 per cent
(nominal discount rate).

As mentioned earlier, the utilisation of a power plant
(expressed through the capacity factor) is a determinant of the
price of eectricity generated. Since nuclear power is capital
intensive, lower capacity factors would reduce its com-
petitiveness. This is demonstrated in Table 12 that lists the
crossover point in discount rates for three different capacity
factors. If the capacity factor is only 75 per cent, then nuclear
power is cheaper than coa power only for discount rates lower
than 1.7 per cent.

The crossover point also varies with the assumed lifetimes of
the power plants. If onewereto assumethat theeconomiclifetime
of the coa plant is the same as that of the nuclear plant, i e, 40
years, thecrossover point (at 80 per cent capacity factor) between
Kaigalll and IV and RTPS VIl becomes 2.01 per cent, and that
between Kaiga | and Il and RTPS VII becomes 2.06 per cent.
As mentioned earlier, al of these crossover points are un-
realistically low values. Therefore, for realistic valuesof discount
rates, nuclear power from the Kaiga reactors is more expensive
than electricity generated in RTPS VII.

Conclusions

Our primary goal inthispaper wasto calculatein detail, dealing
exhaustively with many of the sub-processesinvolved and using
updated data, the cost of producing electricity from the DAE’s
pressurised heavy water reactors. We have done so in a trans-
parent manner laying out the methodology and assumptions
explicitly. Thisallowsfor the possibility that it can be corrected,
should better data become available; given the limited amount
of data publicly available, this is quite likely.

Our analysisdemonstratesthat el ectricity from PHWRsismore
expensivefor real discount ratesabove about 2-3 per cent, under
most reasonabl e assumptions. Suchratesmay not berealistic over
the decades that these plants are to operate.

One criticism of this study is that we have considered nuclear
plants of smaller capacities, namely, 220 MW, even though it
is expected that electricity from larger capacity nuclear plants
would be cheaper. And therefore, the argument goes, if onewere
to compare such larger sized plants, then electricity from nuclear
reactorswould be cheaper than el ectricity from similar sized coal
based thermal power plants. There are two problems with this
argument. First, the experience of thelast five decades of nuclear
power suggests that early predictions of costs are frequently
wrong. Thisis especially true in the case of the DAE. In al the
reactors constructed so far, final cost figures have been higher
thanoriginally estimated.3! Thus, without experiencewith actually
constructed reactors at lower prices, any claims about their cost
should be viewed with some scepticism.

Table 12: Variation with Capacity Factor
(In per cent)

Capacity factor 75 80 85
Crossover point between Kaiga | and Il and RTPS VII (D) 20 233 265
Crossover point between Kaiga Ill and IV and RTPS VII (D) 1.93 2.33 2.7
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Second, a fair comparison would aso include the effects of
cost-cutting measuresat coal based thermal plants, including both
capital cost reductions and fuel cost reductions.32 In thisregard,
RTPS-7 can be counted as an example of aplant that has reduced
capital costs and construction times successfully. However, this
reduced capital cost does not make the comparison of Kaiga
nuclear plantswith RTPS-7 anunfair onebecauseitsdistance from
coal mines is somewhat large, thereby increasing its fuel costs,
whichdominatethecost of producing el ectricity at thermal plants.

Considering that electricity from the 220 MW Kaiga plants
is costlier than thermal power for a large range of parameters,
the conclusion that nuclear power ismore expensive than thermal
power from coal is robust. This contradicts numerous claims by
the DAE that nuclear power is cheaper than coa based thermal
power at sites which are 800-1,000 km away from coal mines.
Nuclear power plants, therefore, have been and remain acostlier
way of trying to address Indid's electricity needs than coal
based thermal plants. [l

Email: ramana@isec.ac.in

Notes

[MVR would like to thank Eric Larson, Indira Rejaraman, D Narasimha
Rao, Navjot Singh, Suchitra J Y, Frank von Hippel, and Sharad Lele and
other colleagues at the Centre for Interdisciplinary Studies in Environment
and Development for useful discussions, probing questions, and critical
comments. We thank the anonymous reviewer for useful inputs.]

1 Two 540 MW reactors are due to become commercial soon raising the
total nuclear capacity to 3,850 MW.

2 The summary of this study was published as [Nema 1999].When asked
for a copy of the full study, the NPC's spokesperson told one of the
authors (MVR) that it was not available to the public.

3 For comparison, the final (revised) budget for the Ministry of Non-
Conventional Energy Sourcesthat isin charge of developing solar, wind,
small hydro and biomass based power in 2002-03 was Rs 473.56 crore.
These sources between them comprise 4,800 MW of generating capacity
(MNES, 2004), as compared to the 2,770 MW of nuclear power. Their
contribution to actual electricity generation would, of course, be smaller
because these are intermittent sources of power.

4 Pressurised Heavy Water Reactorsuseheavy water (inwhichthehydrogen
atoms are replaced by deuterium, a heavier isotope of hydrogen).

5 Thiscomparestheeconomicsof generating el ectricity fromtwodifferent
sources of power. Transmission and distribution costs are external to
the production process itself and their inclusion would make the
comparison dependent on the locations of the power plant and the
load centres.

6 Even ignoring the time value of money, this is inconsistent because it
adds rupees from different years without considering differences in
purchasing power due to inflation.

7 The discount rate used here can be either a nomina discount rate d,
or areal (i e inflation corrected) discount rate d, with the two options
being related as: d, = (d,—i)/(1 + i) or approximately d, = (d,—i), subject
to an error of 1/(1 +i). If inflation has already been taken into account
(for examplewhen pricesfor oneyear are adjusted for another year using
inflation rates), then the discount rate is a real discount rate.

8 The data is available on the internet to subscribers at http://www.
worldbank.org/

9 In other words, the comparison is for an investor who aready has the
required funds.

10 The DAE typically constructs two nuclear reactors at one time at each
site. This is why we treat the two reactors as one unit.

11 A nuclear plant is said to become critical when it starts sustaining achain
reaction. There is usually a period reserved for safety checks and other
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operational matters before the reactor actually starts supplying electricity
to the grid.

12 Thisisinmixed year rupees, and cannot be directly compared with future
reactors whose costs are given in present day rupees.

13 The collapse is usually termed “delamination” in official documents
[Mohan 1994]. There was aso a less publicised fire on the same dome
[Anonymous 1999a].

14 This was derated from 200 MW.

15 The revised cost estimates for NAPS, Kakrapar and Kaiga includes
interest during construction.

16 For nuclear power cost increases in the case of the US, see Komanoff
1981.

17 From the reported value of 20 million dollarsfor the 100 tonnes of heavy
water exported, it would seem that that the heavy water was probably
sold below cost of production.

18 Elsewherethesavingshavebeen quoted asbeing Rs100crore[ Anonymous
2001].

19 Thearticleitself mentionsapriceof “about Rs251akh” for afuel assembly.
However, thisappearsto beamisprint or an error. When asked for clarifi-
cation, theauthor confirmedthat theengineersat theNuclear Fuel Complex
had actually mentioned a price of Rs 2.5 lakh [Subramanian 20023].

20 This is sometimes called working capital.

21 See the discussion in Bunn et a 2003.

22 Inthecaseof theleak at Narora-11 on April 15, 2000, one worker received
an internal dose of 47.12 mSv, well in excess of the 30 mSv annual
limit on radiation doses to workers.

23 We thank the anonymous reviewer for suggesting this.

24 For an estimate of the quantities involved see Ramana et a 2001.

25 Likemost of the DAE’ snuclear power stations, the Kaiganuclear reactors
do not have a reprocessing plant on-site. Therefore, if its spent fuel is
to be reprocessed, it must be shipped to either Tarapur or Kalpakkam.

26 Expenses after that are considered part of O&M expenses.

27 We are being somewhat unfavourable to the cost of coa power since
thekind of inferior grade coal that we have assumed for RTPSisavailable
from points closer to Raichur.

28 In the case of uranium, however, one would expect to see an increase
in the price over and above inflation in the not-too-distant future because
of diminishing domestic reserves. We ignore this increase in order to
be conservative.

29 For an estimate see Bhattacharjee and Kandpa 2002b.

30 This is the sum of the actual expenditures incurred (or projected to be
incurred, inthe case of the Kaigalll and 1V) and does not include interest
during construction (IDC).

31 Even in the case of the 540 MW reactors coming up at Tarapur, the
initial cost estimate was only Rs 2,427.51 crore. The final cost estimate
is of the order of Rs 6,000 crore.

32 One way to lower fuel costs would be through coa washing, which
decreases ash content, which in turn reduces transportation costs and
increases plant efficiencies.
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