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Cost Estimation Methodology for Nuclear 

Fuel Cycles

• What is needed for the quantification of the economic 

performance of commercial nuclear systems?

• Metric; 

• Computational Framework and associated Tools; 

• Cost and Financial Data.

• Metric: Levelized Cost of Electricity (LCOE); or Levelized 

Cost of Electricity at Equilibrium (LCAE)

• How to calculate the LCAE in practice:

• Cost and financial data need to have a basis and, 

realistically, include uncertainty;

• A suitable computational framework and associated 

computational tool.
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Economic Metrics

• Levelized cost of electricity (or energy) is widely used as 

the main metric of economic performance across the 

energy generation sector.

• Allows the normalization of all the incurred costs to the 

revenue-generating net energy to be sold, 

• while accounting for the time value of money, 

• in turn important to compare cash flows with different timings 

and amplitude,

• and to include considerations of financial risk.
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Computational Approaches and 

Tools for Nuclear Economics

• The DOE-NE System Analysis and Integration (SA&I) Campaign 

developed and maintains a software (NE-COST, written in Matlab®) to 

calculate the “LCOE at equilibrium” (LCAE) for complex fuel cycles (i.e. 

multi-reactors, multi-facilities);

• It uses a computational framework that we call “the island approach”, 

because of its mathematical structure; A unique capability among nuclear 

economics codes, to handle the complexity of some fuel cycles;

• NE-COST includes uncertainty in the results that derives from uncertainty 

in the input data (represented as probability density functions);

• Fuel cycles can be arbitrarily complex, but no changes to NE-COST are 

needed, just changes in the input(s).

• G4-ECONS (written in MS-Excel®), available online, allows the LCAE for 

single reactors without blankets (off-line calculations are needed to 

include blankets).
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Input cost data: the Cost Basis Report

• The DOE’s Fuel Cycle Option 

Campaign developed and maintains a 

Fuel Cycle Cost Basis Report, for all the 

fuel cycle steps.

• Publicly available version was released 

in February 2018 and placed on 

https://fuelcycleoptions.inl.gov/SitePage

s/CostBasisReport.aspx and OSTI 

databases.

• Used to support:

• GNEP economic analyses

• Economic quantification of the fuel cycle 

Screening and Evaluation 

https://fuelcycleevaluation.inl.gov/Si

tePages/Home.aspx

• Widely referenced worldwide
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The input cost data

• Each fuel cycle “step” is assigned a chapter in the 

cost basis.

• For each step there is:

• A comprehensive description of the step;

• Process diagrams;

• Historical information;

• Module interface considerations;

• Existing facility data;

• Discussion of data limitations;

• Summary probability distribution of costs.
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• Module A1 - Uranium Mining and Milling
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Example: the cost of uranium
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• Module A1 - Uranium Mining and Milling
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Example: the cost of uranium
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• Module F1 – Aqueous reprocessing
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Example: the cost of reprocessing
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◼ Revisions to incorporate new cost data 

and analyses for some modules 

• Module F2/D2 (on pyro-processing and 

remote fabrication) 

• Modules A (on Uranium prices) 

• Module F1 (on aqueous reprocessing)

• Module D1-2 (on pelletized LWR MOX 

fabrication)

• Module R1 (on LWR costs)

◼ More rigorous approach to module 

development

• Front material added to each module: 

costing methodology, escalation approach, 

revision history and potential future work

• New chapter on costing approaches
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NE-COST and the treatment of 

the input cost uncertainty
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• Uncertainty quantification is important for a credible cost assessment of 

the nuclear fuel cycles (including of the back end);

• NE-COST can use input data provided as probability density functions 

(uniform, triangular, log-normal etc...);

• Can include partial correlations between input variables, according to a 

given correlation matrix (which must be valid: i.e. positive semi-definite, or 

with non-negative eigenvalues, thus Cholesky-decomposable);

• The method for partial correlation sampling is “distribution independent” 

(applicable to any functional form of the marginal distributions, using the 

Iman, Conover (1982) rank correlation approach).
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Why including correlations in 

economic analyses?

• Realistically, many input costs are correlated;

• To accurately reduce the differences in the cost of electricity 

between alternative fuel cycles;

• To accurately quantify the standard deviation of uncertainties 

in the cost of electricity of fuel cycles.
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• The website is now functional, open for 
public use (since late July ‘18) at:

• https://cnpce.ne.anl.gov

• LCAE Calculations are performed online 
with the actual NE-COST code and with a 
graphical user interface (to facilitate 
approachability).

• NE-COST is a computationally accurate 
LCAE nuclear calculator.

• Including features that are not available in 
other economic analysis codes: 

• Complex fuel cycles;

• Stochastic capabilities (not on website yet).

NE-COST is now available online

https://cnpce.ne.anl.gov/
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The NE-COST website: Functionality 

• Three fuel cycles are currently provided:

• EG01: Once trough calculator;

• EG13: Limited recycle calculator;

• EG23: Continuous recycle calculator. 

• Input cost values:

• The users can select costs and other financial 
parameters:

• Default are provided to the users, but can be 
changed as desired.

• Users cannot change parameters defining the 
fuel cycle (e.g. mass balances, driven by 
physics).

• Additionally: 

• Benefits of advanced recycling (quantitative);

• Glossary (consistent with Catalog);

• Acronyms and References.
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Extra slides
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Sources of input data

• Within the FCO Campaign, we have been maintaining and 

upgrading the “Advanced Fuel Cycle Cost Basis Report”:
• D.E. Shropshire et al, “Advanced Fuel Cycle Cost Basis,” 2009 edition, INL/EXT-07-12107, 

December 2009.

• [Addendum to the Advanced Fuel Cycle Cost Basis: not publicly available] B. DIXON et al., 

Prepared for U.S. Department of Energy, Fuel Cycle Options Campaign, Feb. 15, 2013, FCRD-

FUEL-2012-000099.

• A publicly available collection of referenceable cost information of 

most parts of the nuclear fuel cycle and associated derived 

uncertainty distributions of costs.

• For this project, need better reprocessing/re-fabrication cost 

information, especially for remote-handled processing. 

16

2000 2500 3000 3500 4000 4500 5000
0

50

100

150

200

250

300

350

400

450

500
Capital cost ($/KWe)

900 950 1000 1050 1100 1150 1200 1250 1300 1350
0

100

200

300

400

500

600
Reprocessing cost ($/kgHM)

300 400 500 600 700 800 900 1000 1100
0

100

200

300

400

500

600
Cost of geologic disposal of SNF ($/kgHM)

80 90 100 110 120 130 140
0

50

100

150

200

250

300
SWU cost ($/SWU)



IAEA

Economic tools

NE-COST: a system of 4 codes that perform the following 

logically separated tasks, in order of execution:

• Monte Carlo Sampler: generates a set of sampled inputs using user-

assigned probability density functions of available cost data, also 

including partial correlations between uncertain input costs, 

according to a given correlation matrix.

• NE-COST: generates the cost of electricity for a given system or 

sub-system for each sampled input. It adopts the “island approach” 

for a robust and consistent economic modeling of multi-reactor fuel 

cycle systems.

• Multi-island system combiner/data plotter: recombines multi-island 

cost-of-electricity probability distributions, calculates the statistical 

properties of each distribution.

• Comparison tool: for any given calculated output to any chosen 

reference output (includes correlations in the input costs).
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• Methodology based on the Spearman (rank) correlation, approach:

• R. I. Iman (Sandia National Lab), W. J. Conover (Texas Tech University, 

Lubbock, TX).

• Developed the method while working on models for the release of 

radionuclides from a bedded salt repository. 

• R. L. Iman and W. J. Conover, “A distribution-free approach to inducing rank 

correlation among input variables”, Commun. Statist.-Simula. Computa. 11, 

311-334 (1982).

• Their model had multiple input variables, and the assumption of 

independence was not warranted for the radionuclides release problem: 

(E.g.: Substantial correlation was expected between hydraulic properties at 

the disposal site and the time required for the circulating ground water to 

contact radioactive wastes).

18
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sampling capabilities
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• The problem:

• No good method existed at the time for the sampling of correlated variables 

for which the marginal distributions did not follow normal probability density 

functions.

• In the case of normal distributions, the problem would have been simpler: a 

linear combination of independent random variables was already known to 

produce a multivariate normal input vector. 

• Not so, however, for non-normal random variables.

• The solution:

• Let’s consider X: a given vector of uncorrelated random variables;

• Then the correlation matrix of X will be I, the identity matrix;

• C (assigned), the desired correlation matrix of a transformation of X, is

positive semi-definite → Then a Cholesky factorization can be applied to C,

i.e. it can be written as C=PP’, where P’ is an upper triangular matrix;

• Based on this, the linear transformation XP’ of X has the desired correlation

matrix C (this is a particular case of a more general theorem of multivariate

statistics).

19

Enhancement of our correlated 

sampling capabilities
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• NE-COST implementation

• NE-COST will sample un-correlated input vectors from the cost probability density 

functions requested by the user (e.g. triangular distributions from the Cost Basis 

Report): we’ll call this matrix k;

• The desired correlation matrix C is supplied by the user: it must be a valid correlation 

matrix, i.e. it has to be positive semi-definite → C=PP’;

• In this process, any user-assigned distribution (i.e. triangular, uniform, normal, 

lognormal etc...) can be sampled to generate the columns of k, and any valid, user-

assigned correlation matrix can be given as C.

• The rank matrix R is generated by the independent permutations of Ni (e.g. N=104) 

integer numbers (i=1...N); and R*=RP’ has correlation coefficients C, as desired.

• Final step: 

The values in each column of the sampled matrix k are rearranged so that they will 

have the same ordering as the corresponding column of R*: the re-ordered matrix is 

called K.

• The rank correlation coefficient of K will be close to the matrix C: 

it is calculated by NE-COST and printed for the user to check. 

If the correlation coefficient of the rank matrix R was exactly I, then the correlation 

coefficient of K would be exactly C.

20
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• Example with the capital cost of: Thermal Reactors, Fast Reactors and 

Pressurized Heavy Water Reactors.

• The probability density functions of the capital costs are taken from the 

2012 update of the Cost Basis Report .

• The correlation coefficients were obtained by a pilot expert elicitation 

effort undertaken in FY2013:

• Cost correlation between PWR and SFR:  0.77;

• Cost correlation between PWR and HWR: 0.91;

• Cost correlation between HWR and SFR:  0.76.

• Sample size: 50,000 Monte Carlo histories.
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𝐶 =
1.00 0.77 0.91
0.77 1.00 0.76
0.91 0.76 1.00

;

PWR    | FR  |    HWR

PWR

FR

HWR

Low Cost High Cost Mode Expected 
Value

PWR 2300 ($/kWe) 5800 4000 4033

SFR 2200 7000 3800 4333

HWR 2200 5600 3900 3900
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• Probability density functions of the overnight costs of the 3 reactor 

types:
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• Scatter plots of the correlated sampling:
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• Pdfs of the LCAE of EG01 (PWR) and EG23 (Fast Reactor), and of 

the pdf of the difference between the LCAE

24
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• Pdfs of the LCAE of EG03 (HWR) and EG01 (PWR), and of the pdf of 

the difference between the LCAE
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Broadening of the calculated standard deviation of the LCAE of multi-stage 

systems

• Before the implementation, multi-stage systems had standard deviations that 

were smaller than those of corresponding single stage systems, because of 

partial cancellation of independent errors: this was mathematically correct but 

un-realistic. 

• Our work to implement partial correlation sampling capabilities in NE-COST 

addresses this. 
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Waste fees versus 

waste disposal cost

• The waste disposal cost was calculated for each evaluation group in the 

Evaluation and Screening economic/financial effort.

• Expected value of fuel disposal cost:

• EG01: 1.41 mills/kWh, or 2.8% of total LCAE; 

• EG23: 0.64 mills/kWh, or 1.2% of total LCAE.

• The ratio of the LCAE of EG23 and EG01

is largely un-affected by the choice of

“waste fee” or “waste disposal cost”:

• With waste disposal cost model: 

• EG01 total LCAE: 49.4 mills/kWh

• EG23 total LCAE: 51.9 mills/kWh

• EG23/EG01=1.05.

• With waste disposal fee: 

• EG01 total LCAE: 49.0 mills/kWh

• EG23 total LCAE: 52.3 mills/kWh

• EG23/EG01=1.07.
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Costs (all in mills/kWh) EG01 EG23

U ore 3.36 0.019

U Conversion 0.30 0

U Enrichment 1.72 0

Fresh fuel fabrication 0.94 0

DU deconversion 0.34 0

Makeup Th 0 0

Reprocessing 0 1.53

Fab of Reprocessed fuel 0 5.28

Conversion of RU 0 0

Enrichment of RU 0 0

HLW conditioning 0 0.64

HLW disposal 0 0.64

DU deconv of re-enrich. U 0 0

RU disposal 0 0

SNF storage 0 0

SNF condit. before transp. 0.23 0.13

SNF disposal 1.41 0

Total 8.3 8.2

Costs (all in mills/kWh) EG01 EG23

Reactor O&M Cost 10.5 10.8

Reactor Capital Cost 30.6 32.9

Fuel Cost 8.3 8.2

Total 49.4 51.9
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Nuclear Economics of Fuel Cycles

• Cost/benefit analysis of alternative options for the 

generation of nuclear electricity;

• Direct costs includes the monetary cost for the production of 

electricity, and the associated financial risk;

• Direct benefits include the production of electricity;

• Externalities (e.g. energy security, small footprint, zero 

emissions, etc...) are not included in the direct benefit 

quantification, but they are important;

• The Economic and Financial Risk Performance was 

quantified for the E&S study for all 40 fuel cycle options.
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The input cost data for the 

Cost Basis Report

• Example sources of data for the CBR:

• Consultants; National Laboratory subject matter experts; Chemical, Utility, 

and Nuclear industry contacts; Academic experts;

• Publications from uranium and SWU brokers and nuclear consulting firms;

• Technical journals; Websites; Newsbriefs (e.g. NEI daily);

• Reports from universities;  government regulators; utility organizations;

• Data from publicly available contracts (e.g. EEDB);

• Publicly available financial documents (e.g. quarterly reports to the SEC by 

publicly traded firms, quarterly filings with state regulatory agencies by 

utilities);

• Specialized meetings (e.g. American Nuclear Society (ANS) meetings; 

Nuclear Energy Institute (NEI) Fuel Cycle Meetings; GLOBAL Meetings 

(International); World Nuclear Organization symposia; International Atomic 

Energy Agency (IAEA) meetings);

• Organization for Economic Cooperation and Development (OECD) and 

Nuclear Energy Agency (NEA) studies. 

Often data are in “bits and pieces”, and need careful 

assembly/integration.
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Example: the cost of uranium

• Module A1 - Uranium Mining and Milling
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• Module C1 - Enrichment
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Example: the cost of enrichment
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Front End Options (inside each island)

• Natural U from ore (with conversion, enrichment, fuel fabrication, DU de-

conversion);

• Reprocessed fuel received from the previous island (chose which fissile 

drives the separation requirement, Pu, TRU, REPU (handle possible re-

enrichment));

• (Reprocessed/Re-Fab fuel from the reactor on the island: i.e. inner feed-

back loop).

Back End Options (inside each island)

• (Wet Storage) + Do nothing (i.e. simply pass along discharged fuel to the 

next island);

• (Wet Storage) + (Dry Storage) + 1 mills/kWh;

• (Wet Storage) + (Dry Storage) + Geologic disposal;

• (Reprocessed/Re-Fab fuel from the reactor on the island: i.e. inner feed-

back loop).

32

Minimal logical structure that allows the economic 

modeling of each island with no code modifications
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Minimal logical structure that allows the economic 

modeling of each island with no code modifications

Simplified schematic of 
the inner-island logical 
structure of NE-COST
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Main functionality of NE-COST

Additional notable capabilities of NE-COST

• Allows a user-assigned construction time to estimate IDC (Interest During 

Construction) using a sigmoid function (or other user-provided cost 

distribution function);

• Estimates the capacity factors based on linearly scaling outage time and 

forced-outage rates;

• All fuel cycle costs have a user-defined time-offset (slightly changes the 

final cost due to the interest charges on the immobilized capital);

• Handles fractional cores (e.g. mix UO2 and MOX in the same core);

• Includes the cost of replacement power to study the cost of forced and/or 

prolonged outages (for upgrades);

• Accounts for user-defined losses at fuel cycle facilities;

• Allows user-defined escalation factors for front and back end costs, as 

well as for O&M costs;

• O&M cost based on (1) normal operations; (2) planned outages; (3) forced 

outages;
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Purpose of today’s talk

• Describe the economic analysis main metric used by the 

US-DOE SA&I Campaign to quantify the economic 

performance of fuel cycles, including for spent fuel 

management;

• Describe the state-of-the-art capabilities and tools 

available to the US-DOE SA&I Campaign, including for 

the treatment of input cost uncertainties. 

35



IAEA

• The metric and the methodology were reviewed by an 

external group of experts;

• Utilized the metric, the computational framework and the NE-

COST code to evaluate the economic/financial performance 

for the 40 evaluation groups, as probability density function of 

the LCAE;

• Methodology and computations are robust and sound, but the 

accuracy of the calculated LCAE depends on the pedigree of 

the input data. Focused efforts:

• To improve the basis for the input costs;

• To improve our modelling capabilities of the interdependence 

between input data and parameters.

36

Completed activities to enhance the 

SA&I economic analyses capabilities
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Inter-island discounting and the start-

up offset problem (2 islands example)

In the reference “simple” approach, each island cost of electricity is estimated 

independently (i.e. with no time-offset). This would be the case in an 

equilibrium/asymptotic situation (E2=αE1):

If the reactors feature a start-up time offset, evaluating the levelized cost for the 

combined system Ccombined yields the following formulas:

Which can be readily solved to yield:

(discrete)

(continuous)
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NE-COST: calculates the lifetime 
levelized cost of electricity
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Which can be solved to yield

−
−

=
i

irTlev PV
e

r
GC

plant1
/1

T=0 is beginning of irradiation, so for example plant 

construction costs will have negative time.

Capital recovery factor
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Early activities to enhance the SA&I 

economic analyses capabilities

• Developed a suitable metric for the quantification of the 

economic and financial risk performance of fuel cycles (the 

Levelized Cost of Electricity at Equilibrium, LCAE);

• Previously existing economic analysis codes (e.g. G4-ECONS) 

proved inadequate to compute the LCAE for multi-stage fuel 

cycles and for driver/blanket systems →

• Developed a computational framework for the quantification of the 

LCAE of complex fuel cycles (the island approach);

• Developed a code (NE-COST) that is designed to calculate the cost 

of electricity of complex advanced nuclear fuel cycles;

• NE-COST works within the island computational framework, while 

including uncertainty in the results that derive from uncertainty in the 

input data.
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The island approach is a robust economic modeling framework, that 

can be applied consistently throughout a vast set of possible fuel 

cycle schemes

Key concepts of the “island approach”:

◼ Divide any arbitrarily complex fuel cycle in subsets of facilities, 

each containing 1 reactor and/or blanket and an arbitrary number 

of facilities.

◼ Facilities can be assigned to any island, however, a careful 

assignment will:

◼ Simplify the interpretation of the results for each individual islands;

◼ Facilitate the communication of the results;

◼ Allow the re-utilization of the input for a different system featuring a 

similar sub-set of facilities.

NE-COST is built around the “island approach”
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Key concepts of the “island approach” (cont…):

◼ Generally, each reactor type will have a different reloading 

schedule and operational life, and the amplitude/timing of the 

expenditures has economic relevance in an environment in which 

the cost of capital is non-zero. 

◼ The levelized cost of electricity of the system depends on the time 

and amplitude of the cash flow of each subsystem, and substantial 

simplification can be achieved by modeling each of these cash 

streams separately, rather than having to perform a convolution of 

the cash flows of each facility belonging to the fuel cycle. 

◼ The cost of electricity of the overall system will then be 

approximated by the weighted average of the cost of electricity of 

each of the islands, where the weights are the fractional energy 

generated by each island.

NE-COST is built around the 
“island approach”
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The “island approach” for a robust 

economic modeling of multi-reactor 

fuel cycle systems
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• Minimizes new code development.

• Modeling each “island” separately gives 

insight into the cost of various sub-options.

• Individual “island” models and calculations 

The “island approach” for a robust 

economic modeling of multi-reactor 

fuel cycle systems
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The biggest LCAE driver

• The Reactor Capital Cost and the Reactor Operation & Maintenance 

(O&M) costs dominate the overall LCAE.
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Understanding reactor 

capital costs

• A key objective:

• Establish a framework for understanding the reasons for the observed capital 

costs, current and historical

• Identify:

• The fundamental drivers of cost, 

• The reasons of the biggest cost overruns observed historically.

• Distinction between:

• Cost of “best experience” in reactor construction;

• Cost overruns.

• Most of the literature on the subject mostly take, at best, an 

observational approach, with mathematical attempts to interpolate, and 

sometimes extrapolate, from historical data.

• Single construction cost drivers are not easy to identify, contrary to the 

case of coal plants, for example: in the ‘70s, the addition of scrubbers, 

and particulate abatement equipment, measurably increased the cost of 

construction.
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Historical construction 

costs for LWR in the US

• Established a database of historical US capital costs for nuclear 

construction.

• Includes 99 reactors completed between 1971 (Palisades) and 1996 

(Watts Bar 1). 

• 15, mostly turn-key reactors completed before 1971, are excluded:

• Connecticut Yankee (Haddam Neck) (500 

MW, Jan 1st 1968 – marked the beginning 

of commercial nuclear power in the US, with 

San Onofre 1); 

• San Onofre 1;

• Oyster Creek;

• Nine Mile Point 1;

• Ginna, 

• Dresden 2 and 3, 
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Historical construction 

costs for LWR in the US

• Early reactors had low overnight costs, short construction times and 

limited cost overruns

48

Name of reactor MW State Start constr End constr

Shutdown 

before 

license 

extension

Years for 

construction Lifetime th. Efficiency

Overnight 

capital 

cost

(2013 $)

TOT 

capital 

cost 

(2013 $)

Palisades 697 PWR MI 3/15/1967 12/31/1971 12/31/2011 4.8 40 32.90% 823 924

Vermont Yankee 507 BWR VT 12/12/1967 11/30/1972 11/30/2012 5 40 33.70% 1719 1936

Maine Yankee 879 PWR ME 10/22/1968 6/29/1973 12/6/1996 4.7 23.4 32.50% 1319 1473

Pilgrim 672 BWR MA 8/27/1968 12/2/1972 12/2/2012 4.3 40 33.50% 1688 1861

Surry 1 790 PWR VA 6/26/1968 12/22/1972 12/22/2012 4.5 40 33.90% 1092 1213

Turkey Point 3 672 PWR FL 4/28/1967 12/14/1972 12/14/2012 5.6 40 31.00% 708 813

Surry 2 793 PWR VA 6/26/1968 5/1/1973 5/1/2013 4.8 40 33.90% 1092 1226

Oconee 1 851 PWR SC 11/7/1967 7/15/1973 7/15/2013 5.7 40 32.80% 758 873

Turkey Point 4 673 PWR FL 4/28/1967 9/2/1973 9/2/2013 6.4 40 31.00% 708 832

Prairie Island 1 511 PWR MN 6/26/1968 12/16/1973 12/16/2013 5.5 40 31.80% 1676 1917

Zion 1 1069 PWR IL 12/27/1968 10/19/1973 2/21/1997 4.8 23.3 32.50% 1131 1269

Fort Calhoun 478 PWR NE 6/8/1968 9/26/1973 9/26/2013 5.3 40 32.10% 1779 2024

Kewaunee 521 PWR WI 8/7/1968 6/16/1974 6/16/2014 5.9 40 31.00% 1561 1807

Cooper 764 BWR NE 6/6/1968 7/2/1974 7/2/2014 6.1 40 31.80% 1487 1732

Peach Bottom 2 1078 BWR PA 2/1/1968 7/2/1974 7/2/2014 6.4 40 32.40% 1498 1763

Browns Ferry 1 1026 BWR AL 5/11/1967 7/31/1974 12/31/1985 7.2 11.4 32.70% 992 1198

Oconee 2 851 PWR SC 11/7/1967 9/9/1974 9/9/2014 6.8 40 33.10% 758 904

Three Mile Island 1 790 PWR PA 5/19/1968 9/2/1974 9/2/2014 6.3 40 30.60% 1958 2296

Zion 2 1001 PWR IL 12/27/1968 11/14/1973 9/19/1996 4.9 22.8 32.50% 1131 1271

Arkansas 1 836 PWR AR 12/7/1968 12/19/1974 12/19/2014 6 40 30.80% 1104 1285

... ... ... ... ... ... ... ... ... ... ... ...
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Historical construction 

costs for LWR in the US

• During the ‘70s and ‘80s construction costs, construction time and cost 

overruns increased dramatically. 
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The main cause for the 

over budget constructions

• A key driver of cost overruns during construction is the degree of  

design changes requested during the construction phase:

• Incomplete engineering at the start of construction;

• Regulatory turbulence.

• If design is fully completed before the construction starts and no 

changes are requested during the construction phase, complex 

construction projects can be kept reasonably within budget:

• Fixed price contracts, negotiated with competitive bidding: minimize the 

construction costs and keep the project within budget.

• If design changes significantly during the construction phase, the 

original fixed price contracts become un-tenable and re-bidding is 

usually impractical: 

• Fixed price contracts have to be switched to “cost plus” contracts and 

efficiencies are lost.
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A case study: the Davis Besse power 

station

51

• Construction approved by the board of Toledo Edison in December 

1967, for $136 million ($950 million in 2013 $), for 800 MWe on the 

shores of Lake Erie → 1200 $2013/kWe.

• Completion expected for 1974. When completed in 1977, the final cost 

was $650 million ($2.5 billion in 2013 $) for 906 MWe → 2760 $2013/kWe.

• Originally expected to reduce utility bills in Ohio, at completion it added 

19% to the average utility bill because of costs overruns.

• Christopher Bassett, then with the Ohio Public Utilities Commission, 

published a paper quantifying the details of the cost escalation:

C. Bassett, “The high cost of Nuclear Power 

Plants”, Public Utilities Fortnightly, April 1978.
• Addition of a cooling tower, at the request of the Ohio Water Pollution 

Control Board, and an increase in power output from 800 to 906 MWe

were commonly associated with the cost escalation. Not significant after 

close examination.

• Some contracts were tied to escalation (while others were lump sum 

bidding): during a period of high inflation this was believed to be a main 

source of cost escalation. Not dominant after quantification.
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A case study: the Davis Besse power 

station

52

• Summary table of construction cost increases for Davis Besse:

Because effects are very 

intertwined, the table is 

approximate: 

For example: AFDC charges 

were increased by an increase 

in allowable FPC (FERC) 

AFDC rates from 6.5% to 8% 

during the project life, but this 

was a small effect compared to 

the effects of delays caused by 

the changes in regulatory 

requirements.
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A case study: the Davis Besse power 

station

53

• Large escalation was observed for “Piping and Mechanical”, “Civil and 

Structural”, “Architect-Engineer” and “Electric”, all intensively labor oriented 

where retrofitting had a large impact.

• In contrast, contracts which involved relatively fixed pieces of hardware (e.g. 

“steam supply system”, “turbine generators”, “cooling towers”, and “containment 

vessel”) did not experience substantial escalation: retrofits had limited impact on 

those procurement costs. (About 50% of original cost, before escalation).
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A case study: the French construction 

program

54

• The French construction program benefited from: 

• Rigorous cost control and planning by EDF (which acted as Architect 

Engineer).

• Engineering stability

• ‘‘Whenever an engineer had an interesting or even genius [improvement] idea 

either in-house [EDF] or at Framatome, we said: OK, put it on file, this will be 

for the next series, but right now, we change nothing.” Boiteux, CEO of EDF, 

2009 b.

• Regulatory stability

• There are no documented regulatory incidence from 1970 to 1999 a;

• The “Authorité de Sureté Nucléaire” (ASN, the independent regulatory agency) 

was created in 2006, 4 years after the last reactor was completed in 2002 a; 

• EDF, despite the stability of safety rules, integrated progressively more 

stringent safety features in new reactors a.

a L. Rangel, F. Leveque, “Revisiting the Cost Escalation Course of Nuclear Power. New Lessons from the French 

Experience”, Ecoles de Mines, Paris, Dec. 2012.

b A. Grubler, “The Cost of the French Nuclear Scale-up: A Case of Negative Learning by Doing”, Energy Policy 38 

(2010).
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A case study: the French construction 

costs

55

Plant MW Criticality Type Cost (E2010/kW) Cost ($/kW)

palier 900 MW Fessenheim1.2 1780 1978 CP0 836 1087

Bugey2.3 1840 1979 CP0 886 1152

Bugey4.5 1800 1979 CP0 899 1169

Damprierre1.2 1800 1980 CP1 1,217 1582

Gravelines1.2 1840 1980 CP1 822 1069

Tricastin1.2 1840 1980 CP1 1,188 1544

Blayais1.2 1830 1982 CP1 1,110 1443

Dampierre3.4 1800 1981 CP1 1,172 1524

Gravelines3.4 1840 1981 CP1 856 1113

Tricastin3.4 1840 1981 CP1 1,247 1621

Blayais3.4 1820 1983 CP1 890 1157

Gravelines5.6 1820 1985 CP1 1,093 1421

SaintLaurent 1,2 1760 1983 CP2 1,120 1456

Chinon 1,2 1740 1984 CP2 1,148 1492

Cruas1.2 1760 1984 CP2 1,119 1455

Cruas3.4 1760 1984 CP2 1,253 1629

Chinon3.4 1760 1987 CP2 978 1271

palier 1300 MW Paluel1.2 2580 1985 P4 1,531 1990

Paluel3.4 2580 1986 P4 1,157 1504

St Alban1.2 2600 1986 P4 1,129 1468

Flamanville1.2 2580 1987 P4 1,287 1673

Cattenom1.2 2565 1987 P’4 1,358 1765

Belleville1.2 2620 1988 P’4 1,083 1408

Cattenom3.4 2600 1991 P’4 1,149 1494

Nogent1.2 2620 1988 P’4 1,194 1552

Glofech1.2 2620 1992 P’4 1,305 1697

Penly1.2 2660 1991 P’4 1,227 1595

palier 1450 MW Chooz1.2 2910 2000 N4 1,635 2126

Civaux1.2 2945 2002 N4 1,251 1626

Source of data: Cour des Comptes, 2012
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• Objective:

• Understand the current reactor construction costs from the projects on-going 

in the US (Vogtle and VC Summer);

• Identify and factor out, as appropriate, the escalation and financing charges 

to arrive at the overnight cost.

• Achievements:

• Will show that the overnight construction costs of Vogtle and VC Summer are 

similar and about 4000 $/kWe;

• Will show that observation based on actual average construction in the late 

‘80s predicted an outcome of 4000 $/kWe in 2013 dollar for the “best 

experience constructions”, i.e. without cost overruns;

• Will show that the increase in regulatory stringency was a key cause of cost 

increase for the “best experience construction” in the US.

A cost comparison for the 

current US constructions
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A cost comparison for the 

current US constructions

The current construction activity in the US:

• Five reactors, 4 Westinghouse AP 1000 are 

currently being built at 2 US construction 

sites, by the same contractors: Westinghouse 

Electric Company (WEC) and Chicago Bridge 

& Iron (CB&I).

• Both constructions are in the southeast US 

and in regulated markets.

Sources of information:

• Vogtle units 3 & 4. Georgia Power (a 

subsidiary of Southern Co.) is required to file 

semi-annual Vogtle Construction Monitor 

Reports (VCM) with the Georgia Public 
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The current US 

constructions

• Apparent discrepancy in the construction cost before financing charges:

• Need to understand and factor out differences for a proper comparison.

58

VC Summer 2, 3

(SCE&G 55% 

fraction)

Vogtle 3, 4

(Southern 

Co. 45.7% 

fraction)
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Comparison of Vogtle 

and VC Summer costs

• The total construction costs before financing for Vogtle and VC Summer 

are not directly comparable: need to arrive at numbers with similar 

assumptions for a proper comparison:

• Capital cost before escalation and AFUDC charges for VC Summer: $4.548 

billion in 2007 dollars for the SCE&G 55% fraction, or $8.269 billion for the 

entire construction;

• Specific overnight cost for VC Summer is $8.269e9/2.234 MWe=3702 $/kWe

• Capital cost before AFUDC and CWIP charges for Vogtle 3&4: $4.799 billion, 

which results in a total cost of $10.501 billion (4.779/0.457), or 4700 $/kWe. 

However, this cost is not an overnight cost, since it is a sum of the costs “as 

expended” in different years, with escalation in each year’s expenditures. →

• Costs for Vogtle have be un-escalated using the escalation factor used by 

Georgia Power in its estimate of future costs:

• “The original certified projected cost included a forecast for this index based on 5 percent 

annual escalation. To date, the indexed rates have experienced a 2-3 percent annual 

escalation rate. The Company’s current forecast reflects $25 million in potential savings as 

compared to certification.”
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The current US 

constructions

• The total construction schedule as reported in the Georgia State 

regulatory filings:

• Discounted total:

$3630 million in 2007 $

for the Southern Co

Ownership fraction (45.7%)

→ 3555 $/kWe (2007 $).

• With actual compounded 

inflationary factor of 1.13:

• Vogtle: 4017 $/kWe.

• VC Summer: 4183 $/kWe. 

Similar.
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Expenditure 

Period

Cumulative 

construction 

capital 

balance

(in million $)

Construction 

capital 

expended in 

each period

(in million $)

Construction capital 

expended discounted to 

June 2007 at 5%

(in million $)

30-Jun-09 314 314 285

31-Dec-09 583 269 238

30-Jun-10 994 411 355

31-Dec-10 1,246 252 212

30-Jun-11 1,580 334 275

31-Dec-11 1,808 228 183

30-Jun-12 2,001 193 151

31-Dec-12 2,210 209 160

30-Jun-13 2,490 280 209

31-Dec-13 2,770 280 204

30-Jun-14 3,204 434 308

31-Dec-14 3,588 384 266

30-Jun-15 3,911 323 219

31-Dec-15 4,209 298 197

30-Jun-16 4,429 220 142

31-Dec-16 4,590 161 101

30-Jun-17 4,684 94 58

31-Dec-17 4,732 48 29

30-Jun-18 4,779 47 27

31-Dec-18 4,799 20 11

Total $4799 million $ 3630 million
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The construction cost 

from the EEDB estimate

• The “Energy Economic Database”, (EEDB) is an estimate based on actual 

average construction experience, of building nuclear plants, developed by the 

Philadelphia office of United Engineers and Contractors, under contract from 

DOE-NE.

• How well did the EEDB forecast, the construction costs of 2013, based on actual 

average 1988 data?

61

General inflation between 1987 and 2000: factor of 1.52 in 

13 years; Actual inflation 3.2%.

3645 $/kWe needs to be multiplied by (1.032/1.05)13 to 

correct for the actual inflation rate: 2916 $2000/kWe.

General inflation between years 2000 and 2013: 1.36.

Forecasts for Best Experience capital costs:

With general inflation: 3965 $2013/kWe
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Regulatory stringency

• Expansion of the nuclear sector appears to be 

the best predictor of increased construction 

costs, as driven by increasing regulatory 

stringency:

• Example: AEC staff on the need for additional 

regulation for “Anticipated Transient Without 

Scram”, in 1973:

“The present likelihood of a severe ATWS is 

acceptably small, in view of the limited number of 

plants now in operation. [...] As more plants are 

built, however, the overall chance of ATWS will 

increase, and the staff believe that design 

improvements are appropriate [...]”.

• Common in every regulated sector: e.g. the 
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Summary of the reactor 

capital cost work

• Introduced the necessary concepts to account for the issues that 

affect cost estimates, starting from prior studies and approaches:

• Established a framework for understanding the reasons for the observed 

capital costs;

• Substantiated it with supporting evidence from past studies and historical 

data;

• The framework can be applied to other reactors types and other fuel cycle 

facilities;

• Identified and harmonized the overnight costs for the on-going US 

construction projects, about 4000 $/kWe;

• Showed that actual average construction costs in the late ‘80s predicted an 

outcome of 4000 $/kWe in 2013 dollar for “best experiences constructions”.

• Showed that increasing regulatory stringency, as evidenced by the 

increasing number of regulatory guidelines, was the driver of the cost 

increases for the “best experiences constructions”.
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• Achievement:

• Expanded the implementation of correlated sampling capabilities in NE-COST 

to include partial correlations between input variables, according to a given 

correlation matrix: same numerical approach as commercial software @RISK
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Enhancement of our correlated 

sampling capabilities
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• Large uncertainties in the input costs 

produces largely overlapping pdfs of the 

LCAE;

• Accounting for partial correlations 

between input costs will:

• Narrow the pdfs of the differences in 

LCAE;

• Resolve the issue of reduction of the 

standard deviation of the LCAE of 

multi-stage systems as compared to 

single stage systems.

LCAE
Mills/kWh

standard 

deviation
Mills/kWh

EG01 49.4 5.6

EG29 57.3 5.3
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