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Justification for Major Revision to 2017 Version of the Advanced Fuel
Cycle Cost Basis Report: Addition of “Methodology Description” and
“Revision History” to Every Fuel Cycle Module
Since its inception on 2004 the Advanced Fuel Cycle Cost Basis Report has been a” living document”
subject to the following:
• Addition or deletion of Modules
•

Inclusion of new data forming the basis for the “What-it-Takes” unit cost tables and the
associated probability distributions

•

Inclusion of cost escalation

•

Addition of new topical chapters at the beginning of the document

•

Inclusion of an updated “Unit Cost Summary Table” at the front of the report

•

In some years (e.g. 2016) the document has been produced as an Update rather than a “full”
document including all Modules.

For every Module the “full” AFC-CBR version includes significant introductory and background
material, including process descriptions, interfaces with other Modules, historical data, reference cost
information, assessment of recent cost information, the “What-it-Takes” unit cost tables, and for later
versions the suggested probability distributions to accompany the “WIT” data. This is all accompanied by
a bibliography and/or a list of references. As a new version is developed, older historical information or
reference cases are not deleted, but rather are augmented by the more recent information. For this reason,
and the addition of new Reactor Modules in 2015, the “full version” document size has grown to well
over 1000 pages. This large volume size makes the document difficult to review, and also difficult to edit,
print, and distribute in a hard copy version. It also creates an electronic version which even in PDF format
requires several dozen megabytes (MB) of file size, thus making it difficult to distribute electronically.
It should also be noted that in every year a “full” version was produced not all Modules were
augmented with new material or even had the “WIT” table corrected for escalation. The FCRD program
has not always had the funding resources to comprehensively revisit every Module during every year of
issue. The modules selected for reanalysis are those that are judged to have the most effect on overall
system fuel cycle costs and include the LWR (R1) and Fast Reactor (R2) Modules, the front-end Modules
(A,B,C, and K1) for “once-through” fuel cycles, MOX fuel fabrication (D1-2), and the major
Reprocessing Modules (F1 and F2/D2).
The new document production concept hereby introduced in 2017 is to create a large AFC-CBR
“folder” where individual front-end chapters and individual Modules can be accessed from a centralized
server via the Internet. (In FY2018 it is intended to submit the 2017 folder for formal classification review
such that it can ultimately be made available on a Web-based public server.) It has been decided that
every Module file in the overall document server folder needs brief explanatory material at the beginning
that succinctly identifies its history (vintage) and the timing and nature of the most recent technical and
cost escalation data upon which the WIT unit costs are based. It has also been determined that for
consistency under a “level-playing field” approach all Module unit cost data should also include
escalation to the year of document issue, even if new technical basis data is not included.
The following presents how the two new sections will appears in each Module (or each Sub-Module
in the case of Modules A, C, D, E, F, G, K, L, O, and R). [For example, the Reactor Module contains 9
sub-Modules R1 through R9.] Possible entries for each of the generic “bullets” are shown.
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X-MD. SHORT DESCRIPTION OF METHODOLOGY USED FOR ESTABLISHMENT
OF MOST RECENT COST BASIS AND UNDERLYING RATIONALE
•

Constant $ base year for 2017 Update: FY 2017 (the same for all Modules in this version)

•

Nature of this 2017 Module update from previous AFC-CBRs: Two possibilities:
o

o

•

Escalation only from last time WIT values underwent technical assessment. Some edits may
be included, however, that update the overall deployment status of the technology, such as
known facility closures and new facility construction status that do not constitute a baseline
cost data change that affects the existing WIT data.
Addition of new technical data and supporting new cost baselines and uncertainty bounds
updating the WIT values and the probability distributions. Considerable explanatory data may
be included.

Estimating Methodology for latest (2009 AFC-CBR) technical update from which this 2017
update was escalated: Several possibilities exist here. Very specific technology information may
be included.
o
o
o
o
o

Actual pricing data for the commodity or fuel cycle service
Known published service or unit product costs based on actual facility data
Unit costs calculated from a bottom-up life cycle cost estimate for a proposed new facility
Unit costs derived by scaling or analogy to a similar type facility for which costs are known
or have been estimated
Data or opinions transmitted by personal communication and not necessarily vetted.

X-RH. Revision History
•

Version of AFC-CBR in which Module first appeared:
o

•

Version of module in which new technical data was used to establish “what-it-takes” unit
cost ranges:
o

•

Self explanatory. The AFC-CBR version in which a module was split into sub-modules or renamed is also mentioned.

The AFC-CBR year in which new or revised technical data and an associated cost baseline
resulted in new WIT table results and uncertainty ranges or distributions. Escalation from this
“latest technical/cost reference” year to the present should be used for the 2017 updated WIT
information.

New technical/cost data which has recently become available and will benefit next revision:
o
o

List new reports that support or augment information in module. These reports can eventually
be placed in a server-based electronic folder/file system similar to that for the actual modules.
Known technical and/or institutional developments in a particular fuel cycle area that are
likely to have unit cost consequences, and that should warrant revisiting a particular Module
in future AFC-CBR versions.
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Production Based Costing
1.1. Introduction
The purpose of this section is to outline a method of cost analysis whereby a significantly better
representation of “should achieve” costs may be attained for NOAK systems. Based on economists’
notions of producer theory, and grounded in the cost analysts’ and project managers’ tool called the Work
Breakdown Structure (WBS), this section describes best practices in cost estimation. It then illustrates
how the Code of Accounts (COA) structure, developed by the Economic Modeling Working Group
(EMWG) of the Generation IV International Forum in “Cost Estimating Guidelines for Generation IV
Nuclear Energy Systems [EMWG 2007] (hereafter “Gen IV Guidelines Document”), can be used to
differentiate “should achieve” versus “did experience” costs.
Economists use the theory of production, among other purposes, to analyze how technology specifies
the combination and transition of inputs to process or system output. Think of output as a product,
process, project, or service – anything that results from combining and/or processing inputs. The inputs
into production are commonly grouped as land, labor, and capital where capital in this case refers to
physical (as opposed to financial) resources such as machinery or equipment. Governed by the science
and engineering of the technology being represented, the production function models how inputs combine
to form output. Graphically technology is represented as the shape of the production function: P=f
(input1, input2)

Figure 1. Stylized Representation of Producer Theory.
Figure 1 shows a simple, stylized model of a production function. In it, two inputs combine according
to some level of technology result in product output. Three points (could be labeled as A, B, C top to
bottom) show possible input combinations that will produce a fixed level of output, P constant . In fact, any
combination of inputs along the production function illustrates alternative ways of using inputs to produce
the same level of output. Not illustrated, increasing levels of production correspond to the production
function moving to the upper right of the figure. So, input combination ‘A’ results in the same level of
output as ‘C’ although ‘A’ favors input 2 while ‘C’ favors input 1. As an example, one can think of this
simplistic model representing a surveillance facility. Surveillance is the output and inputs 1 and 2 might
be people and cameras, respectively. The level of people and cameras can be adjusted in many
combinations, each combination producing the same level of surveillance.
The production function can be thought of as a three dimensional “response surface” (Fig 2) which is
a function of input1 and input2 (the figure below is a generic example). On a map, altitude would be a
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function of x and y coordinates, and a “contour” [line of constant altitude] would be a curve similar to our
production function above where P (input 1, input2) = P constant .

Figure 2. Production Function as Three Dimensional Response Surface
Composed of input prices and budgetary expenditure, Figure 1 also illustrates two cost functions that
are separated by expenditure level. Like the production function, increasing costs are represented with
cost functions increasing to the upper right of the figure. The intersection of the cost function with the
production function represents the expenditure necessary to pay for the corresponding input combination.
Points ‘A’ and ‘C’ are on the same cost function, indicating that to produce output with either level of
input combination results in the same level of expenditure. But point ‘B’ is on a different cost function. It
indicates that the same level of output (technical performance) can be attained with the input combination
given by ‘B’. That is, ‘B’ indicates the combination choice that attains the least cost of producing the
stylized level of output, i.e. performance. Essentially the performance is “cost optimized” with respect to
the two variable inputs.
Input combination ‘B’ indicates what producing the represented level of output should cost. Points
‘A’ and ‘C’ can both produce the same level of output, but ‘B’ is clearly a better way to combine
resources and minimize cost. The WBS is the analytic tool that cost analysts use to organize input
requirements for some type of output – be it a process, product, service, or project – so that cost can be
assigned to all necessary inputs. For analysis of nuclear projects, the code-of-accounts (COA) is the tool
for keeping track of input costs in a systematic manner. Together these facilitate identifying the least cost
alternative, such as point ‘B’ in the simple model.

1.2. Organizing Structures
Organizing the elements of a system into some type of structure is critical for accurately estimating
cost. The organizing structure should be one that specifies all that is required in order to produce output
[Stewart 1991]. Such a structure provides a clear assessment of what is included in the project, product, or
service. A well-defined organizing structure articulates partitioned information, becoming a
communication tool about the project to various implementation perspectives, such as system engineering
and program management [GAO, 2009]. The organizing structure is needed to accurately estimate cost,
schedule, and budget; however it, is also valuable in identifying where risks may exist in the project or
where crucial information may be missing. Analogous to the simple model in Figure 3 the organizing
structure should represent at least two perspectives: the set of inputs required to produce output, and the
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cost of those inputs. A WBS and the corresponding COA are two analytic tools that can be used in
conjunction to reflect the two important perspectives (inputs and costs) in an organizing structure.

1.2.1. Work Breakdown Structure (WBS)
A seminal text on in the field of cost analysis indicates that the first step in cost estimating is to
produce a WBS for the system to be analyzed [Stewart 1991]. Similarly, guidance on cost analysis for US
government projects indicates that the “WBS is the cornerstone of every program because it defines in
detail the work necessary to accomplish a program’s objective” [GAO 2009, p. 65]. The WBS arranges
inputs into a hierarchy where inputs accumulate to the output under analysis. Figure 3 is a simple
representation of a WBS from the US Government Accountability Office GAO).

Figure 3. Product-Oriented Work Breakdown Structure (GAO, 2009, p. 66).
Figure 3 shows a simple example of a WBS for an automobile system. In it the automobile system
(indicated as Level 1 of the hierarchy) is the output under analysis. Level 2 divides the output into
components necessary in order for the system to work. Level 3 disaggregates each component into
subcomponents. Level 3 may or may not be the level where inputs are assigned. The hierarchy continues
until components can no longer be disaggregated so the levels of the hierarchy adjust with the level of
specificity and complexity of the components in the activity. As Stewart describes, the WBS is the
framework for collecting, accumulating, and organizing work activity by the outputs under consideration
[Stewart 1991]. Its essential function is to divide output into the major activities and elements (or
components) necessary to accomplish the work [Stewart 1991]; [GAO, 2009].
A WBS communicates information. It informs those using it of the inputs that have been accounted
for in the structure. This reduces duplicity because inputs in the WBS must follow the principle of being
mutually exclusive and being collectively exhaustive, i.e. without serious data omissions. If inputs can be
used in more than a single element of the WBS, then input allocation can be handled in at least two ways.
The input can be assigned to the element where it will have the majority of use, or it can be split up into
more than one element where it will be used. (This is discussed in more detail later in the cross-walking
discussion). Finally, the WBS is accompanied by a “WBS dictionary” that defines what the analyst has
included in each element of the structure. For example, an accompanying dictionary would answer
questions about what the analyst meant by “Chassis” when it was listed in the WBS in Figure 3.

1.2.2. Code of Accounts (COA)
Originally set up as the Energy Economic Data Base (EEDB) by the Atomic Energy CommissionEnergy Research and Development Administration, then later adjusted to fit the purposes of the
International Atomic Energy Agency (IAEA), the Economics Modeling Working Group (EMWG) of the
Generation IV International Forum most recently developed the Code of Accounts (COA) [EMWG,
2007]. Itself an organizing structure, the COA details how to account for various components of nuclear
systems [EMWG 2007]. In the spirit of this section, the COA is a hierarchical organizing structure. The
discussion on COA herein will sound very similar to the WBS above. They are, in fact, very similar. But
like the simple model in Figure 3 illustrates, each represent different perspectives of the same system.
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The COA organizes costs; it is an accounting structure that can be applied to various types of nuclear,
and even non-nuclear, systems. Similar to the WBS, the COA is organized in a hierarchical fashion and
for this application enumerated with a 2-digit level coding system. The original EEDB COA structured a
5-digit system, essentially drilling down to the level of small pumps and transformers, but that level of
detail for a nuclear power plant would result in over 100 plus pages of densely-written text. As the COA
can be used to estimate total lifecycle cost of a system, six categories of the COA are to account for costs
in building a facility while three account for the use and disposal of the system. Table 1 shows the COA
structure used to compute investment cost and Table 2 shows the COA structure for estimating operations
and maintenance. Accompanying the COA, and again similar to the WBS, is a dictionary of what belongs
in each account. This dictionary is located in Appendix F of the Gen IV Guidelines Document.
Table 1. Generation IV International Forum Nuclear Energy Plant Code of Accounts [EMWG 2007, p. 30].
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Table 2. Structure of the Generation IV International Forum Operations and Maintenance Code of
Accounts [EMWG 2007, p. 33].

The two-digit coding shown in the tables above can be disaggregated to reveal a greater level of
specificity, and for earlier nuclear power cost-experience studies sponsored by DOE-NE and its
predecessors in the 1975-1988 timeframe NPPs were broken down to the five digit level under the EEDB
program. The guidelines document [EMWG 2007] articulates how the accounts coding should be adjusted
based on facility type and purpose. For example a numerical code in the structure indicates if the system
under analysis applies to units, plants, systems or facilities, or commodities. Further, facility type
designates a code depending on the facility function, i.e. power plant, fuel fabrication, fuel reprocessing,
desalination, hydrogen generation, other processes, or waste repository [EMWG 2007, Appendix F].
The COA in the Gen IV Guidelines Document evolved from a previous structure developed by the
IAEA. IAEA developed a structure, basically based on the US EEDB mentioned above, to aid developing
countries in analyzing the quality of bids for nuclear power plant projects. The IAEA built the structure
with the thought that it would be completed as a useful tool with the help of vendors, architect-engineers,
and constructors from industrialized countries. The EMWG re-organized how the structure was originally
developed because the IAEA bid evaluation type structure led to inherently high-level estimates. EMWG
re-tooled it to allow for greater specificity, primarily changing the labor accounting.

1.2.3. Cross-walking WBS and COA
The WBS and the COA provide two perspectives of the same information, but together can fit into an
organizing structure to enable a better understanding on “should” costs and “did” costs. The WBS is an
organizing structure that supports identifying all inputs (materials, labor, equipment, etc.) needed to
produce output (a functional facility). The COA is an accounting structure that applied to WBS provides
information on input cost. For example, COA 21 is for civil structures and improvements. In a WBS
applied to a nuclear system, COA 21 would likely be applied over several WBS elements. The COA
structure, detailed in the Gen IV Guidelines Document, has a coding system whereby specificity greater
than two digits i.e. the ability to drill deeper into an estimate beyond the basic subsystem (civil, nuclear
island, electrical, heat removal et al) level can be attained. Using the COA in tandem with a detailed WBS
for nuclear systems will support the analyst’s ability to identify the “should cost” (target achievable cost)
of a system.
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COST CORRELATIONS
1.1

Introduction

Cost correlations quantify the degree to which two summary costs are built up from the same
underlying costs. A simple example is the cost of two buildings, which both include the cost of concrete
foundations. The concrete material costs would be correlated, even if the rest of the two buildings were
entirely different.
Cost correlations are important in the CBR and its application for two reasons. First, cost uncertainty
distributions include uncertainty on unit costs of labor, equipment and materials. When comparing the
costs of two different systems using a Monte Carlo sampling or similar approach on their cost
distributions, the correlated unit costs need to be considered to move together while the uncorrelated costs
need to move independently. If the correlated cost components are sampled independently, the calculated
delta cost distribution will be much wider than it should be, making it harder to determine if one system
costs more than the other.
Second, correlations can be applied at a higher level, such as the main functions of the system, to
develop a more accurate estimate of costs for a facility using advanced technology that has never been
built by extrapolating from a similar facility using current technologies and better known costs. This is a
form of cost estimating by analogy, as discussed above in the Main 2017 AFC Report. For example, some
major systems and structures of an advanced reactor such as the steam turbine or the containment dome
may be identical or nearly identical to an existing reactor, even though the reactor cores are very different.
By breaking the reactors down into their major cost components and determining the degree to which
these components are the same or different, partial cost correlations can be developed and used to
improve the cost estimation of the advanced technology.
The EWG has been developing cost correlation methods and tools for several years. This has included
collection of information on correlation theory and methods, development and internal testing of expert
elicitation of partial correlation coefficients [Schneider 2014], inclusion of partial correlation calculations
into the Monte Carlo capabilities of NE-COST [Ganda 2014], and recently the trial application externally
of expert elicitation of partial correlation coefficients for different reactor types [EPRI 2016].
This chapter provides an overview of the drivers for developing correlation coefficients, status on
efforts to develop partial correlation coefficients, and recommended next steps. Mathematical methods for
developing and using correlation coefficients were previously documented by the FCO EWG in Chapters
6 and 7 of [Ganda 2014].

1.2

Cost Correlation Mechanics

Nuclear energy system cost analysis can provide vital inputs to R&D decision-makers. To be
effective, this decision support tool must overcome significant challenges. Most crucially, costs are highly
uncertain. Total project costs can vary widely for identical reactors at different sites or constructed at
different times. Technological uncertainties compound the issue for less mature concepts. While reactors
represent most of the cost of nuclear energy systems, each fuel cycle function also has significant cost
uncertainty. The prices for yellowcake, conversion, SWUs, and enrichment vary from year to year and by
location. Many back-end costs are not well defined, especially for SNF/HLW disposal and reprocessing
Time is also an important factor in cost analyses. Transitions to new reactors and fuel cycles can take
a century or more. Cost uncertainties increase the further into the future the cost projection is carried.
These include the cost of capital, labor, and materials and the impact of changes in regulations, tax rates,
etc. Regulatory changes are unpredictable, but usually increase costs.
The CBR presents estimates of the unit overnight cost, in $/kWe of installed capacity, for several
nuclear reactor technologies. These unit costs are used to calculate the Levelized Cost at Equilibrium
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(LCAE) for a fuel cycle. The LCAE is a specific application of the more common Levelized Cost Of
Electricity (LCOE) using an equilibrium fuel cycle mass balance.
It is recognized that reactor and fuel cycle costs are uncertain, so the CBR includes uncertainty as
well as pointwise cost estimates. These take the form of uniform or triangular probability distributions
defined by their lower and upper bounds and most likely (mode) values; see Figure 1 for an example.

Figure 1. Example of cost distribution from the Advanced Fuel Cycle Cost Basis report: Uranium mining
and milling.
Monte Carlo methods are used to calculate probability distributions of the LCAE for a strategy by
summing the distributions from the CBR describing unit costs of relevant fuel cycle steps as well as
operation and construction of one or multiple reactor types that may be present.
In most prior applications of this calculation, each unit cost distribution has been treated as
uncorrelated with the others but perfectly correlated with itself. This means that construction costs for
different reactor technologies, for instance, are treated as completely independent, even though the
technologies would almost certainly have many cost inputs in common (e.g. labor, raw material and
equipment costs).
However, omitting the correlations between concepts artificially increases the uncertainty in the
LCAE difference between two strategies. It also narrows the LCAE uncertainty distribution for a given
strategy. These effects stem from cancellation of errors: the cost of reactor type 1 being sampled as high,
for instance, implies that labor, equipment and/or material costs have proven to be high. Therefore,
reactor type 2 should probably also be high cost – but instead, if independent distributions are assumed, it
is equally likely to have a low cost. When the correlation between uncertain input costs is correctly
accounted for, the corrected probability density function of the LCAE difference will become narrower.
The results obtained when adding or subtracting distributions such as those in the CBR are strongly
affected by the correlation between them. Figure 2 shows the effects when two cost distributions, one
uniform between $1500 and $3000 and the other uniform between $1000 and $2000, are subtracted. The
figure illustrates the extent to which the uncertainty in the difference between the distributions is reduced
as the strength of correlation between them increases.
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Figure 2. Subtraction of correlated distributions.
Two issues must be overcome to improve the treatment of cost correlations and their impact on the
accuracy of cost comparisons. First, while the construction costs for various reactors and fuel cycle
technologies are certainly correlated and likely very strongly so, limited data is available concerning the
extent of the correlation. Bottom-up cost estimates would provide this data through the comparison of
material, labor and equipment requirements, but these estimates are generally proprietary. Second, many
of the technologies of interest to FCO are at a relatively low technology readiness level (TRL) so the
available reactor design information is largely conceptual in nature. This precludes a bottom-up approach.
Instead, expert judgment must be relied on to understand the similarities and differences in costs between
systems with different or low TRLs.
Figure 3 shows an example of probability distributions which convey cost uncertainties, in this
instance for two fuel cycles. The reference UO 2 and O-T/3.2 cycles whose costs are illustrated in the
figure both feature the once-through strategy but with different enrichments and burnups. The average
LCAE for reference UO 2 is 48.13 mills/kWh, and its standard deviation is 6.84 mills/kWh. The average
LCAE for O-T/3.2 is 46.11 mills/kWh with a standard deviation of 6.88 mills/kWh. The difference
between the average LCAE of the two strategies is 2.02 mills/kWh.
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Figure 3. LCAE probability density functions (PDFs), reference once-through UO 2 cycle and O-T/3.2 cycle.
Subtracting the uncertainty distributions can give rise to valuable decision-relevant information: for
instance, the difference between the distributions conveys the likelihood that one strategy will be cheaper
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as well as the probable extent of the cost difference. While reduction of total uncertainty is not practical,
reduction of this ‘delta uncertainty’ in a pair-wise comparison is possible. We know that many of the
factors determining the costs of two future facilities correlate when comparing systems at the same
location and same point in time, with the same inflation and labor rate, same cost of uranium, and so
forth. In a pair-wise comparison, correlated costs should cancel out, leaving only the costs associated with
differences between the systems.
As a naïve example of what happens if correlations are ignored, consider the difference between the
two distributions shown in Figure 3 if all reactor and fuel cycle costs are assumed to be uncorrelated.
Figure 4 shows that the resulting distribution describing the difference in LCAE is very broad, with a
standard deviation of 9.68 mills/kWh. This result implies that there is a reasonable probability that the
costs of the strategies would differ by more than 1 cent/kWh in either direction – a difference that is
largely driven by the (thus far uncorrelated) uncertainties in the reactor capital costs.

Figure 3. PDF of COE difference, O-T/3.2 minus UO 2 reference, no correlations.
The previous results are misleading, if not outright incorrect. Many of the random variables in the two
systems are not independent, but correlated. Examples of variables which should have a perfect
correlation (correlation coefficient of 1) between the two systems include:
•

Specific overnight capital cost of reactor;

•

Discount rate;

•

Years for construction;

•

Interest rate during construction;

•

Cost of uranium;

•

Cost of SWU;

•

Depleted U de-conversion;

•

Cost of fuel fabrication;

•

Cost of conversion;

•

Cost of SNF conditioning before shipment to the repository;

•

Cost of geologic disposal.
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Accounting for these correlations does not change the difference between averages of the LCAE: it is still
around 2 mills/kWh. But taking the correlations into account does have a dramatic effect on the difference
between the two cost probability distributions – see Figure 5. The standard deviation of the difference in
the LCAE has fallen to 0.47 mills/kWh, and because the probability distribution is now entirely in the
negative portion of the graph, it becomes clear that O-T/3.2 is virtually certain to be a marginally less
expensive cycle than reference UO 2 .
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1.8
1.6
1.4

Probability (%)

1.2
1
0.8
0.6
0.4
0.2
0
-40

-30

-10

-20

0
mills/kWh

10

30

20

40

Figure 4. PDF of COE difference, O-T/3.2 minus UO 2 reference, correlations accounted for.
The recently completed Fuel Cycle Evaluation and Screening used a Basis of Comparison for pair-wise
assessment of systems. The uncertainty of differences in LCAE for systems similar to the Basis of
Comparison (cycle EG01) were substantially reduced, as shown in Figure 6. Uncertainties of differences
with less similar systems (i.e., those that did not include the same reactor type present in EG01) were very
large.
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Figure 5. Fuel cycle evaluation and screening cases and their LCAE uncertainties.
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The primary factor driving these large uncertainties was reactor type. Reactors make up the majority
of the LCAE of a nuclear energy system. Since the analysis example for the Basis of Comparison was an
LWR-based system, uncertainty in delta costs compared to other LWR-based systems were much smaller
than for systems primarily using other reactor types.

1.3

Partial Correlation Coefficient Elicitation Status

Cost Correlation Coefficients indicate the degree to which two cost parameters move in concert. A
correlation of 1.0 indicates that an increase in one parameter is always accompanied by an increase in the
other, such as when a material cost (e.g. concrete) is common to both of two construction projects. A
correlation of 0.0 indicates total independence, where changes in one parameter have no effect on the
value of the other (e.g. cost of concrete versus cost of carpenter labor). A correlation of -1.0 indicates an
inverse correlation, where an increase in one parameter always coincides with a decrease in the other
parameter. It is noted that this definition is based on rank correlations, such as the Spearman and Kendall
correlation coefficients. Conversely, the degree of linear association between random variables, normally
measured with the Pearson’s product-moment correlation coefficient, is less relevant here, since random
costs may have non-linear associations that would be nevertheless important to capture when evaluating
cost uncertainties.
A partial correlation coefficient quantifies an imperfect relationship between two parameters. In CBR
applications, this will typically but assumed with rolled up or top-down costs, where the details of
correlations are not available. For example, generally an increase in the cost of a PWR would coincide
with an increase in the cost of an SFR, but of a different magnitude because both have
materials/equipment/labor costs in common but also have major differences; while a change in the cost of
concrete would impact both, the portion of the total cost that is concrete costs differs between the two
reactor types.
Since detailed bottom-up information is not available for advanced reactors and fuel cycle facilities
with lower TRLs, expert elicitation is used to develop cost correlation coefficients for advanced facilities
as compared to mature technologies (e.g. LWRs).
The FCO EWG developed a method for elicitation of correlation coefficients and tested it internally
[Schneider 2014], then updated the approach and tested it externally with a group of people attending a
nuclear fuel cycle assessment workshop [EPRI 2016]. The primary purpose of the external solicitation
was to test methods and learn from the experience in preparation for eliciting from reactor costing
experts.
Two trial applications of the partial correlation elicitation have been performed, both involving
development of coefficients between eight different transmutation systems (reactors and externally driven
systems).
The internal trial used FCO EWG members as experts. Each EWG member was asked to fill out a
chart of coefficients along with their confidence in the values provided. The resulting coefficients were
combined using the confidence factors to weight the contributions with the weighted arithmetic mean of
the answers establishing the consensus value for each correlation coefficient. The resulting coefficients
are shown in Figure 7.
Experience from the pilot study was used to develop briefing material and an Excel-based elicitation
tool for use in the next trial.
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Figure 6. Weighted average correlation coefficients from 2013 FCO pilot study.
The external trial used EPRI workshop participants as experts. Participants were supplied with three
read-ahead documents: a summary of the reactor technologies, condensed from the CBR, a description of
the implementation of correlations in the NE-COST tool used by FCO to calculate LCAE, and a briefing
on the elicitation process. Three additional background readings were provided: an article describing the
FCO cost analysis methodology [Ganda 2014a], a description of the impact of including correlations on
FCO option analysis economic results [Ganda 2015] and a summary of the methods and results of a
small-scale pilot elicitation carried out in 2013 [Schneider 2014]. The process during the workshop
included presentations on the background and objectives of the study, an overview of the reactor
technologies, and information on how the cost correlations would be used.
Three different types of elicitations were conducted over the course of the day. In the first,
participants compared the same eight system concepts as in the original internal trial. They were also
asked to specify their degree of confidence in each coefficient. The Excel-based tool aided the process by
limiting responses to allowed ranges. After the participants provided their responses, the results were
checked for consistency and combined to determine the confidence-weighted arithmetic mean. Figure 8
shows the results, in which the coefficient values were generally lower than those from the internal trail.
Figure 9 and Figure 10 provide the standard deviation of the participants’ responses and the average
confidence level the participants indicated, respectively. The standard deviations are generally lowest
(darkest) when at least one mature, commercialized technology is present in the pair. High standard
deviations are present for technologies that are far from being mature such as the FFH and ADS. The
participants’ confidence levels are notably higher (lighter shading) when the technology pairs share a
clear common feature. Otherwise, the experts’ confidence levels are fairly uniform and in the moderateto-low range.

NTRD-FCO-2017-000265 (September 2017)

SD3-9

Advanced Fuel Cycle Cost Basis

Figure 7. Elicited values of correlation coefficients.

Figure 8. Standard deviation of participant responses.

Figure 9. Average participant confidence level.
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In the second elicitation, participants were asked to provide their best estimate of an overnight capital
cost for each concept. The results are shown in Table 1.
Table 1. Elicited values of overnight capital costs.
mean

Overnight Capital
Cost [$/kWe]

% difference relative Standard
Deviation [$/kWe]
to LWR

R1: Light Water
Reactor

4314

0%

1102

R2: Fast Spect.
Reactor

5552

29%

2437

R3: Gas Cooled
Reactor

6402

48%

3149

R5: Press. Hvy
Water Reactor

4628

7%

956

R6: Accelerator
Driven System

9048

110%

5646

R7: Liquid fuel Salt
Cooled

4962

15%

1632

R8: Solid fueled
Salt Cooled

5300

23%

1316

24740

473%

33597

R9: Fission Fusion
Hybrid

Finally, the participants were asked to compare only a PWR to an SFR, but to do so using the first
level of the code of accounts structure. The results are shown in Table 2. Note that the approximate
correlation when using the code of accounts detail was higher than when the participants were asked to
compare the systems at the top level in the first elicitation (0.7 versus 0.64), indicating the participants felt
there were more similarities between the systems when they were asked to evaluate the correlations for
different system parts. The weight in this case was based on the relative contributions of each part to the
total estimated system cost.
Table 2. Elicited values of correlations between code of account items for PWR and SFR.
mean

Correlation
Coefficient

Weight

Aggregation

Structures and
Improvements

0.80

11%

0.09

Reactor and Boiler
Equipment

0.47

17%

0.08

Turbine, Generator
Equipment

0.76

13%

0.10

0.87

5%

0.04

0.66

5%

0.03

0.69

31%

0.22

0.86

9%

0.08

0.72

9%

0.06

Electrical Equipment
Cooling and
Miscellaneous
Equipment
Design, project
management,
commissioning
Staff recruitment,
training, salaries,
owners’ costs
Contingency

Approximate
Correlation

0.70
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1.4

Next Steps

This section summarizes important questions and feedback received from the workshop participants.
It also describes the next steps for the capital cost correlation effort.
The elicitation exercise at the EPRI workshop represented a step in the process of assembling the
correlations. Hence, given the nontechnical background of many of the participants, there was not an
expectation of accuracy and definitive correlation results, but rather a need to learn and to understand
what matters when conducting a successful elicitation of this data. The outcome was thus process
information rather than definitive data. A recommendation for future elicitations is to invest more time in
explaining what correlation means, using examples of facility costs. An option to allow experts to learn
from the process would be to pursue a Delphic style elicitation. In a two–round Delphic style elicitation,
there would be briefings on bottom up cost components as well as on findings from literature of how
humans tend to think about (and underestimate) correlations. Crucially, after being briefed (and possibly
viewing interim results for the group) experts are allowed to go back and revise their results.
There was a consensus that when another round of elicitation is carried out it would be desirable to
provide a more specific description of a single “generic” system that represents each reactor type. An
alternative to this, which was suggested by multiple participants, would be to ask experts to consider an
average across the range of systems that fit within each reactor module/type. Since there can be several
major technology options within each module, it could be cumbersome to present sufficient data to the
experts for each option. Alternately, a future elicitation could be limited to fewer reactor types but ask for
evaluation of each major option, or the briefing materials could only focus on areas where the options are
substantially different.
Ensuring that the expert group is provided the right background information for the task, tailored to
the experts’ expertise areas, will thus be essential. One morning worth of briefings is arguably not
sufficient for a specialized, technically-focused elicitation. When working with a group of reactor
construction experts, it will be important to give more information on how costs break down for each
option: for instance, the costs associated with labor versus standard materials versus specialized
equipment, financing costs, and so forth. This may only be possible for the more mature, wellcharacterized technologies, but nonetheless it will provide experts with a numerical basis for their
estimates.
It will be important to identify the purpose of future elicitation sessions – education or information
gathering. If working with experts to get information, it will be best to provide all available information at
the start and then do the elicitation, possibly at a lower level of detail so as not to provide them with
preconceptions regarding the outcome. Experts may also need an additional briefing on how the
information will be used in fuel cycle economics calculations so they have an understanding of which
items are important to consider and which are not.
One path forward would be to work with a group of LWR experts and ask them to develop
correlations between types of LWRs. With people who are already expert, there will be an expectation of
deeper background information, so it will be best to start out with a bottom up way of thinking. For
example, starting with the detailed account code for a reference LWR design, one could first consider
correlations between LWR options, e.g., BWR vs. PWR, where details are available. Subsequently, when
they have completed this task and understood the mechanics of the correlations, they can proceed to
compare LWRs to other reactor types. Also, since the existence of several options within a reactor group
caused consternation, it is desirable to be more specific by choosing one example technology for each
type.
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CONSIDERATIONS ON SCALING
Scaling considerations involve the calculation of “new” facilities’ construction and O&M costs
starting from available information (from actual facilities and/or studies) on cost of similar facilities of
different sizes.
Generally, because of economies of scale, the construction cost C1 of a facility of size S1 is
calculated from the known cost C 0 of a facility of known size S 0 with the following equation:
α
C 1 =C 0 ∙(S 1 /S 0 )

Where α is called the “scaling factor”, and assumes a value typically between 0 and 1. Values close to
1 indicate the existence of little economies of scale, so that the cost increase/decrease is close to linear,
while values close to zero indicate the presence of large economies of scale, for which an increase in size
produces little effect on costs. A typical value of scaling factors for chemical facilities and equipment that
is often cited in the literature, e.g. (Peters & Timmerhaus) is 0.6.
The methods for increasing capacity should be considered when developing scaling factors. In some
facilities, the individual pieces of equipment may simply be increased in size, while in others, parallel
trains of equipment of a constant size may be employed. As equipment is enlarged and/or equipment
trains added, buildings will increase in size, either by square footage of floor space or cubic footage of
building volume or additional buildings will be added. Scaling also applies to operational costs, where the
number of operators may be driven by the number of equipment trains while other labor categories such
as security may change little with size.
Construction methods should also be considered as the size of the facility changes. At smaller sizes, it
may be possible to fabricate more of the facility in a factory environment, holding down both construction
costs and rework. Two types of fabrication should be considered, “equipment” and “modules”, where
equipment includes pumps, steam generators, and smaller reactor pressure vessels, while “modules” are
construction building blocks that include structures, walls, piping, electrical, etc. A modular construction
approach may apply at multiple scales, while equipment can only scale to the limit of lifting and transport
equipment and at some point must instead be reduced to sub-components that are assembled on site.
Referring to the described concept in supplementary document SD2: “Production Based Costing,” factory
fabrication of nuclear grade equipment such as the reactor vessel may involve a different, more efficient
production function (point B in the figure) versus on-site fabrication (points A or C). The scaling equation
above assumes a constant production function, so such changes may result in discontinuities (steps) in the
otherwise continuous scaling function.
The issue of cost scaling with size has been studied for reactors, especially in light of the recent
interest in small modular reactors (SMRs). Results of past studies on this issue produce results that are not
fully consistent, and therefore one cannot draw definitive conclusions. For example, the results of the
econometric analysis of construction costs between 1971 and 1978 performed in [Komanoff 1981], show
that the “unit size” variable had virtually no effect on costs (+0.5%), indicating that the beneficial effects
of economies of scale were completely counterweighted by other factors that increased the unit costs of
larger units. Later econometric analyses with more comprehensive data sets found that larger sizes
actually increased the cost per MW installed [Zimmerman 1982], [Krautmann 1988], [Cantor 1988] and
[McCabe 1996]. Similar results were also found as a result of a statistical analysis conducted by
DOE/EIA in 1986, the conclusions of which are quoted here [DOE 1986]:
“The analysis indicates that the indirect effect of size on real cost, through the influence of leadtime, outweighs the direct reduction in costs per kWe of capacity that would result from the
construction of large power plants if the lead-time and size were not related.”
In particular, the study found that a 25% increase in the power level of the plant would lead to a
reduction in cost per kWe of capacity of 12%, if the larger power level would not induce an increase in
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lead time. However, a 25% increase in power level was found to be associated with a 18% increase in
lead time, which was in turn found to be associated with an increase of 22% in the real cost of
construction. It is cautioned here that “lead-time”, being quantitative and readily and precisely available,
was used in [DOE, 1986] as a proxy variable for a number of un-quantifiable variables such as design
changes, safety and environmental retrofits required by regulatory change, and labor productivity, which
were directly responsible for the cost increases.
On the other hand, a more recent econometric analysis performed in [Ganda 2016a], indicated that
given a 10% increase in reactor power, costs per kWe of capacity (i.e. the actual cost outcome after
construction was completed, normalized for the reactor power) decreased by 17.8% (implying an
escalation factor of -1.05) and budget per kWe of capacity (i.e. the pre-construction cost estimate,
normalized for the reactor power) decreased by 6.9% (implying a scaling factor of 0.25). Both estimates
were found to be significant at the 99% level, and were found when controlling for a number of variables,
including size, location, reactor type, time built, etc. When all these variables were not controlled for, the
elasticity becomes 0.32, i.e. a 10% increase in reactor power would result in cost per kWe of capacity
increase of 3.2%, implying instead diseconomies of scale.
It is noted that most past analyses (one exception is [Ganda 2016a]) simply used “did cost”, and did
not attempt to include “should cost”. By using only “did cost” the combined trends toward larger reactors
over time and to more regulation over time may have impacted scaling results. Another factor is the use
of data primarily or exclusively from Western countries, which all saw an increase in construction time in
the 1970s-80s and not including data from Asian countries that did not experience the same increases.
Figure 1shows the historic construction duration trends (from first nuclear concrete to first grid
connection) for the three largest Western and three largest Asian reactor fleets. These figures imply that
factors other than scaling were driving the historic cost increases. A separate supplementary document
(2017-CBR-SD5) to the 2017 AFC-CBR discusses learning.
In summary, it is recommended to use caution when applying cost savings due to economies of scale
for reactor facilities, since a definitive consensus on this topic has not been reached yet.
For other fuel cycle facilities, and in particular for reprocessing facilities, the issue of estimating
proper escalation factors is especially important, since few cost data points exist, and some of those plants
have very different annual throughput. For a meaningful comparison of those costs, it is necessary to have
a well-developed approach for escalation that includes understanding how capacity increases would be
physically achieved.
Few studies have been performed on the cost of reprocessing, including [Haire 2003] and more
recently [Bunn 2016]. An extensive discussion of aqueous reprocessing plant scaling considerations is
provided in Module F1 of this 2017 AFC-CBR.
Haire [Haire 2003] points out the following:
“In the familiar rule-of-thumb scaling law, capital costs are proportional to the nth powers of
capacity; however, n is not a constant. The value of n approaches 0.1 for very small-capacity plants
and 0.9 for very large plants. Thus, there is an upper limit to the axiom that states that the larger the
plant size, the smaller the unit cost. For example, doubling the throughput rate of a large-capacity
plant nearly doubles capital costs”.
The considerations in [Bunn 2016] are based on cost data derived from the construction experience of
a 50 MT/y pilot plant at the Jiuquan nuclear complex, and are applied to the derivation of the cost of a
hypothetical industrial-size 800 MT/y facility. Chinese experts’ estimates mentioned in [Bunn 2016] use a
scaling factor of 1.0 for facilities that are between half and double the size of the reference facility, and a
scaling factor of 0.6 for facilities larger than twice but smaller than 50 times as large. For this reason, a
scaling factor of 0.85 was considered the most realistic for a scaling of a 50 MT/y plant to an 800 MT/y
plant in [Bunn 2016]. However, it is also mentioned in (Bunn 2016) that a study of aluminum refineries
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(which are also expanded primarily by adding production line, rather than by scaling equipment, similarly
to reprocessing facilities), found a scaling factor of 0.93 to be appropriate.
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Figure 1. Reactor construction start year versus duration in three Western and three Asian countries.
In a separate study, [Carter 2010] Westinghouse Savannah River Company (WSRC) identified that an
electrochemical reprocessing facility that was originally designed for a throughput of 21.3 MT/y, could be
modified to a 70 MT/y throughput facility with minimal additional capital spending, because of the
suboptimal optimization of equipment that needs a certain minimum size for its required functionality.
This consideration is in agreement with that provided by Haire with regards to “very small capacity
plants” having a scaling factor close to zero.
In summary, the approach to cost scaling needs to be done differently for different modules, and the
exact quantitative approach needs to be carefully addressed separately for individual modules. Where data
is available, a discussion on this topic is provided in the CBR to inform the reader on this topic, for
example in the F1 Section on aqueous reprocessing. In general, more defensible, high quality data needs
to be generated on this important topic.
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CONSIDERATIONS ON LEARNING
Learning refers here to the increased experience associated to each new build of a given type of fuel
cycle facility, which results generally in design improvements, increased construction and operational
efficiencies and reduced mistakes, and therefore in reduced costs. These are important considerations, for
example, when modeling transitions from first-of-a-kind (FOAK) to nth-of-a-kind (NOAK) nuclear
facilities and deciding the magnitude of the cost reduction (if any) to be applied to each successive build.
Different assumptions on learning can significantly affect the results of the economic analyses during
transitions. Other competing electricity-generation technologies, such as wind and solar power for
example, have demonstrated substantial cost reductions through learning during the last few decades.

1.1

Learning in Design and Construction

There is no clear evidence of the existence of learning effects in the construction of nuclear facilities,
based on the US and French historical construction experience: the early analysis by Komanoff
[Komanoff 1981], for example, found a small reduction in cost (13%) due to learning at the ArchitectEngineer level for the period 1971-1978. Later analyses (e.g. [DOE 1986] and [McCabe 1996]), however,
found that learning was significant only when the utility directly managed the construction, while no
learning was found when construction was managed by an external contractor:
“when an outside contractor managed the construction of a power plant, there was no correlation
between the real costs of the plant and the constructor's experience. If outside contractors did
benefit from increased experience, such learning effects did not result in lower costs. There is
evidence, however, that the real costs of power plants built by utilities that acted as their own
construction manager fell as they gained experience, in relation to the costs of power plants built by
utilities that employed outside contractors.” [DOE 1986].
This is a cost reduction that was explained in [McCabe 1996] with the fact that experienced
construction firms had substantial market power, which allowed them to charge relatively high prices.
Therefore the savings due to experience were retained as profits by the firms supervising the construction
instead of being passed on to the utilities and their customers. Therefore, in the case of external architectengineers, it would not be possible to see cost reductions due to learning.
A more recent econometric analysis [Ganda 2016a], confirmed the trends found in [DOE 1986] and
[McCabe 1996]. After controlling for a number of relevant variables, it was found that for each additional
reactor the architect-engineering firm previously built, both the costs/kw (i.e. the actual cost outcome
after construction was completed, normalized for the reactor power) and budget/kw (i.e. the preconstruction cost estimate, normalized for the reactor power) increased by 10%. A separate quantification
was performed for the effect of the architect-engineer being the same as the constructor, based on data
from the Nuclear Regulatory Commission. It was found that when the two firms were the same for a
certain project, cost/kw were 15% less and budget/kw 22% were less than when the two firms were
distinct. This effect was determined to be statistically significant.
The regulatory filings of Georgia Power with the Georgia PSC also briefly mentioned the issue of FOAK
construction of Vogtle 3 and 4 [Georgia Power 2014] in the U.S.:
“Technical and quality issues have occurred as nuclear components are fabricated for the first time
in three decades for domestic nuclear units; however, to date these issues have been adequately
resolved by the Contractor to support the current construction schedule”.
The language of the filings indicates that Georgia Power considers the effect of FOAK for
procurement as manageable, and having a small or negligible impact on costs. This is consistent with the
findings presented in this Section.
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A similar analysis performed on the construction costs in France led to similar results [Grubler,
2010]:
“The uncertainties in anticipated learning effects of new technologies might be much larger than
often assumed, including also cases of “negative learning” in which specific costs increase rather
than decrease with accumulated experience”.
Also in [Rangel, 2012] with regards to the French nuclear construction program, it was found that,
somewhat surprisingly, “neither the scale-up neither the cumulative experience, induced cost
reductions”, even though a small learning effect was found within the same reactor type and within the
same palier.
Unlike the previous studies, [Lovering 2016] looked not only at Western experience but also included
additional international evidence on the effect of learning and associated cost reduction, utilizing the cost
of 349 reactors in the US, France, Canada, West Germany, Japan, India, and South Korea, encompassing
58% of all reactors built globally. It was found that trends in costs have varied significantly in magnitude
and in structure by era, country, and experience. In contrast to the rapid cost escalation that characterized
nuclear construction in the United States, evidence was found of milder cost escalation in many countries,
including absolute cost declines in some countries (especially South Korea and Japan) and specific eras,
which would support the possibility of actual cost reduction associated with learning.
Another area of construction learning is in construction practices. Construction efficiency is generally
highest when performed in controlled environments with ready access to tools and materials, as for
example in factory fabrication. Efficiency declines when fabrication moves to “laydown” or preassembly
areas in the field, and declines even further when activities must be performed in the weather and above
or below grade on partially completed structures where personnel may be in awkward positions and tools
and materials must be hauled to the construction location. The need for nuclear quality certified
construction aggregates this trend, for example requiring moving weld x-ray equipment to the weld
location. For these reasons, nuclear construction has been evolving toward modular fabrication under
factor-controlled conditions followed by assembly of modules in the field. Small modular reactors
promise to extend this trend to even include most assembly in the factory. To date, the total volume of
construction has been too small to definitively measure the impact of this trend with any accuracy.
In summary, the reader is advised to use caution when applying construction cost reductions
associated with learning for nuclear construction, since different studies on this topic had mixed
outcomes.

1.2

Regulatory Learning and Regulatory Stringency

There is evidence that other factors may be playing a role in the cost trends over the nuclear
construction time periods in different countries and in different decades. One such factor is the effect of
regulatory learning, as distinct from constructor learning discussed above. Regulatory learning played a
key role in the cost overruns experienced in the US in the 1970s and 1980s [Ganda 2014], especially
when plants were required to make changes during construction because of changing regulatory
standards. In general, regulatory learning is likely to lead to increased costs across an industry, since
stricter safety standards may be required. Additionally, when regulatory learning impacts retroactively
existing plants, or plants under construction, it generally results in loss of revenue and extra refurbishment
costs for existing plants, and large inefficiencies and wastes in the construction process for plants under
construction, leading to both cost and schedule overruns.
In addition, and separate from, regulatory learning is regulatory stringency, which added cost to
nuclear plants constructed in the U.S. in the 1970s and 1980s by mandating the addition of safety features
and more stringent construction standards, in order to reduce the total probability of accidents of the
entire nuclear sector, in light of the rapidly increasing number of nuclear plants ordered in the early
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1970s. For example, the Advisory Committee on Reactor Safeguards (ACRS) ‒ an influential body of
senior nuclear experts that advised the AEC and later the NRC ‒ in a letter to the AEC in 1965, wrote:
“The orderly growth of the industry, with concomitant increase in the number, size, power level and
proximity of nuclear reactors to large population centers will, in the future, make desirable, even
prudent, incorporating stricter safety standards in many reactors” [ACRS 1965].
The increased regulatory stringency for US nuclear plants manifested itself in:
1. The application of more stringent and explicit safety standards, which caused a direct increase in
the amount of labor, material and equipment required to build nuclear plants;
2. The expansion of the regulatory effort, requiring greater documentation and standardization of
regulatory requirements: this mostly caused a substantial increase in labor costs.
Learning is also a relevant consideration in the estimation of operation and maintenance (O&M) costs
for nuclear facilities. In this case, the historical US experience has shown substantial learning in the
efficient operations of nuclear plants, which can be quantified with the increase in availability and
capacity factors for existing nuclear plants, as shown in Figure 6-1.

Figure 6-1. Average US nuclear capacity factor [NEI].

1.3

Conclusions

Learning is the increased experience associated to each new built or each additional operating year of
a given type of fuel cycle facility. Learning is important to model in a cost analysis when transitioning to
a new technology or fuel cycle that may involve first-of-a-kind facilities transitioning to nth-of-a-kind.
Several different types of leaning have been identified, with some acting on individual designs and
others applying to the whole industry. The types of learning that have been identified for nuclear facilities
include design, construction, operational, and regulatory. The first three theoretically result in cost
reductions because experience enables identification of construction and operational efficiencies and
fewer mistakes. In practice, there is clear evidence of operational learning while construction learning
results are inconclusive. Regulatory learning results in a better understanding of how integrated systems
perform and where additional safety measures may be warranted. These typically increase costs, with the
cost impact reduced if existing facilities or facilities already under construction are “grandfathered” from
new regulations. Regulatory stringency is separate from regulatory learning, though the impacts are
similar. Regulatory stringency may increase faster that generating capacity if a trend toward deploying
large numbers of facilities (e.g. SMRs) develops.
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A PROPOSED METHODOLOGY FOR TRANSFORMATION OF
REACTOR COST DATA TO THE ‘WHAT-IT-TAKES’ TABLE
Note: This document represents work undertaken to refine the CBR approach for arriving at
recommended cost values for the reactor sub-modules. This information is provided to
indicate the possible direction of evolution in future CBR updates and encourage
comments from CBR users.
Since this document was developed concurrent with many of the R-modules, the
methodology was applied only in the analysis of the fast reactor (2009 Module R2) data.
In future revisions an attempt will be made to use this methodology uniformly.

1.

Basic Information

There are many sources of data that will be available of varying levels of quality and fidelity. These
data need to be transformed from the year of dollars for the estimate and the technology, scale, learning,
and other conditions to the appropriate year dollars and for the final full scale (FS) Nth-of-a-kind
(NOAK) commercial power plant. This requires a number of adjustments that are inherently quite
uncertain, but well known as significant factors to be corrected for. This summarizes the corrections that
need to be made and the basis for making those corrections to the available data.
For illustration purposes, the data are taken from the 2009 Advanced Fuel Cycle Cost Basis (AFCCBR) report for fast reactors (Module R2) and used to provide a method that would retain traceability
back to the original raw unadjusted data taken from the various references, to the What-it-Takes (WIT)
table in current year dollars. This should allow users to apply their own assumptions and judgment to
adjust the WIT table as they see fit. By doing this it suggests that the original WIT table in the 2009 AFCCBR report had a value for the Upside (lowest cost) for the specific overnight capital cost (SOCC) that
was too high based on the data included in the tables including historical and projected capital costs.

2.

Cost Adjustment Factors

The data that are available will range from historical data for small scale demonstration projects to
cost targets for the final full scale NOAK commercial power plant. The historical demonstration plants
are likely to be one-of-a-kind facilities that will undergo significant design optimization and technology
changes relative to the final commercially deployed technology because of differences in their purpose
and/or knowledge gained from successful or failed demonstration. The cost targets for the final FS NOAK
may be grounded as much in wishful thinking as they are in solid engineering. There is an entire spectrum
of historic cost data and cost estimates for reactors that fall in this wide range between these two. The
SOCC for the worst demonstration project will be well beyond the downside cost of the FS NOAK
commercial power plant because of the small scale, learning, and other factors. The SOCC of the lowest
cost targets are likely well below the upside costs of the FS NOAK since as the design progresses through
more thorough safety analysis and licensing there are likely significant cost additions without any cost
reductions.
The following subsections describe the adjustment factors to be applied to a given cost estimate taken
from a reference to adjust it to the FS NOAK commercial power plant estimate. This is only when no data
exist to perform more accurate estimates of these adjustments. These adjustment factors are highly
simplified to try and bound the range of the likely adjustment that would occur in practice. That should be
considered when using the information for the WIT table estimates. The next section will discuss the
logic of how to use that adjusted data for the WIT table estimates.

2.1. Adjustment to Overnight Capital Cost
The value of interest is the overnight capital cost in a specific year dollars. Many estimates will
include financing costs or year of expenditure dollars. Therefore, they require adjustments to get to the
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actual value of interest, which is the overnight capital cost exclusive of financing and inflation. The
appropriate adjustments should be documented, and the factor is the ratio of the value reported to the
overnight capital cost in the specific year of dollars.

2.2. Inflation Adjustment
All costs need to be adjusted to the same year and in the future adjusted to the current year dollars.
The appropriate factor is difficult since the total cost is the sum of different fractions of things whose
relative value will vary over time. It is the aggregate average that is correct, but only vendors generally
have the kind of information needed to attempt to do this accurately. For this exercise, the value to get
from the 2009 AFCCBR report to 2012 was 1.019/0.936 taken from the updated addendum on the
subject.

2.3. Demonstration Adjustment
Demonstration projects amongst other adjustments must account for differences in scope or learning
that comes from demonstration that leads to a more optimum design. If it is a commercial demonstration,
then all the regulatory requirements have been incorporated and it is going to lead to improved designs
and technology. The value of this adjustment is going to be highly subjective, but generally should lower
the SOCC because it should generally lead to a more cost effective design than the demonstration power
plant or cost savings related to additional capabilities included in the demonstration project.
Demonstration reactors will range from primarily research facilities up to a reduced-scale first-of-a-kind
(FOAK) commercial power plant. There should be no adjustment for the reduced scale FOAK making the
adjustment factor 1.0, but if there is design optimization or scope reduction before the FOAK FS
commercial power plant, then it should be less and possibly significantly less than 1.0. The basis should
be discussed and documented.

2.4. Unit Size Scale Adjustment
If the design is for less than FS, the SOCC must be adjusted for the difference in scale. If the final FS
NOAK commercial power plant is a large monolithic type of power plant, then the economics typically
relies on significant economy of scale which should significantly reduce the SOCC relative to smaller
scale demonstration projects.
From the EMWG Generation IV cost estimating guidelines, the exponential method to adjust for plant
size, capacity, or rating is described by the following.
C = A + Bp n

where
A

= a fixed component,

B

= the variable component, with

p

= being the power ratio to the reference plant, and

n

= being the exponent that reflects the size benefit.

Since the lack of data will exist to fit all 3 parameters, the assumption that most aspects of the unit
will be variable costs is probably not a bad assumption. The EMWG has separate exponents for the
nuclear Island (0.33) and balance of plant (0.66). Given differences in technology and other factors, these
probably are bounding since it is the sum of these two components. The assumption is that this scales on
the thermal power (not electrical) of the individual reactor core. Corrections for multiple reactors on a
single site and improved thermal efficiency are adjusted separately.
The following is the approximation for specific capital cost.
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ci =

Ci A + Bp n Bp n BPi n −1
=
≈
=
Pi
Pi
Pi
Pref n

The unit scaling adjustment factor is the ratio of the unit cost at FS commercial to the scale of the cost
estimate being adjusted.
funit =

 P 
cFS
BP n −1 Pdem n
= FS n
=  FS 
n −1  P
cdemo
Pdemo BPdemo
 demo 

n −1

2.5. Multi-Unit Adjustment
Siting multiple units on a single site has a significant cost benefit. Scaling for this is difficult, but it
can be assumed to follow the same exponential behavior. However, the exponent will be much lower than
that for the unit scaling. Some fast reactor concepts involve multiple reactor cores supplying thermal
energy to a single turbine generator. With sufficient detail, these would all need to be scaled separately,
but the assumption is these data do not exist. A low value of n from 0.1 to 0.2 is assumed for this factor.
f multi

(

)

 N Rx per SG NSG per Plant
FS
≈
 N Rx per SG NSG per Plant
demo


(

)






n −1

2.6. Learning Adjustment
Learning theory predicts that for each doubling of production, the unit cost will be reduced by a
certain fraction. Obviously, there is a limit to this, but it is a good approximation to get from a FOAK
estimate to an NOAK assuming a reasonable learning rate and a reasonable number of multiples of
production of the FOAK. In the Gen IV EMWG guidelines learning rates are in the 90% to 94% range for
equipment and labor. They also assume an 8 GWe overall nuclear deployment capacity for spreading of
the deployment costs (non-repetitive costs) that need to be recovered in the initial deployment phase prior
to reaching NOAK where all costs are repetitive costs and do not include the initial licensing and R&D
costs. If this information is available better estimates can be made. For this approximation, bounding the
learning adjustment will assume learning at a 90% rate for 16 GWe (highest learning) and learning at
94% for 8 GWe (lowest learning). This is based on the power level of a single complete unit and not the
power plant, so for multiple units on a single site, there is learning from unit to unit.
flearn

 P
≈  learn
 PFSFOAK






ln (rlearn )
ln (2 )

2.7. Thermal Efficiency Adjustment
Many of the initial demonstration designs are at lower outlet temperatures and lower thermal
efficiencies. How to account for this is not clear without detailed estimates. The range is (1) from no
correction, and (2) assuming that is accounted for in the learning or other adjustments to the limit of the
ratio of the demo thermal efficiency to the final thermal efficiency.

3.

Estimated Full Scale Nth-of-a-Kind Commercial Power Plant

Using the existing data from the 2009 AFCCB report produces the following results. Table 3-1
provides the original raw data taken directly from the reference and converts it to specific overnight
capital cost in constant year dollars. The first 6 columns should never change from revision to revision.
Adjustment factors may be revised, but the raw data unless transcribed in error should never change
providing continued traceability to the specific reference that it was taken from. There could be multiple
lines for the same power plant if there is conflicting or revised data.
Table 3-2 provides the information needed to make the described adjustment.
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Table 3-3 shows the calculated or assumed adjustment factors both for the upside (leads to lowest
cost estimate) and downside (leads to highest cost estimate) and the multiplication of those factors with
the SOCC of that reactor to give an estimate of the range of the ultimate SOCC.
The next challenge is how to interpret these data without simply reflecting the biases of the estimator.
Figure 3-1 shows a plot of all of this data including the old and proposed sodium-cooled fast reactor
(SFR) and current LWR upside and downside.
How to choose the upside and downside from this data is obviously very speculative. The values
chosen were simply 25% premium on the average of the JSFR and S-PRISM. Is it appropriate to add a
premium (thereby rejecting their work as implausible) onto the estimate from a corporation that is a
commercial reactor vendor? The downside was a 50% premium on the most recent BN-800 revision. Both
were rounded to 2 significant figures. This put it somewhat above the unadjusted cost. Exactly how much
conservatism to add on designs at early stages of development or how to translate the cost of reactors built
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Table 3-1. Raw Data Converted to Specific Overnight Capital Cost in 2012 year dollars.

MONJU
SuperPhenix
JSFR
BN-800
BN-800 Revised
Future French
Prototype
Kalpakkam
Prototype FBR
CRBR
ALMR - 1994
S-PRISM

Total Capital
Cost
($B)
6
9B Euros = $11B
2.3
2

2
0.717
3.6
2
0.717

Information Taken From Reference
Specific
Net Electrical
Capital Cost
Generation
Estimate
($/kWe)
Year
Type
(MWe)
N/A
2006 Overnight
280
N/A
2006 Overnight
1240
2006
All-in
1500
2006 Overnight
800
6000
2006 Overnight
800
Overnight
2007
800
Overnight
2003
500
1984 Overnight
350
2006 Overnight
800
2003 Overnight
500

Calculations
Adjustment
Specific Overnight
factor to 2012 Capital Cost in 2012$
dollars
($/kWe)
1.089
23,329
1.089
9,658
1.089
1,509
1.089
2,722
1.089
6,532

References
2009 AFCCB
2009 AFCCB
2009 AFCCB
2009 AFCCB
2009 AFCCB

Adjustment factor
to Constant Year
Overnight Cost
1
1
0.90
1
1

2009 AFCCB

1

1.056

2,640

2009 AFCCB
2009 AFCCB
2009 AFCCB
2009 AFCCB

1
1
1
1

1.355
1.905
1.089
1.355

1,943
19,596
2,722
1,943

Table 3-2. Information for Adjustment to Full Scale Nth-of-a-kind Commercial Power Plants.

MONJU
SuperPhenix
JSFR
BN-800
BN-800 Revised
Future French
Prototype
Kalpakkam
Prototype FBR
CRBR
ALMR - 1994
S-PRISM

Description
(Demo/FOAK, NOAK, etc.)
Demo
FOAK Commercial
NOAK Design Concept
Outdated Estimate
FOAK Commercial

Cost Data Power Plant
Reactor
Reactors
Turbine
Turbines
Size (MWt) per Turbine Size (MWe) per Site
714
1
280
1
3100
1
1240
1
3530
1
1500
2
2300
1
800
1
2300
1
800
1

Full Scale Commercial Power Plant
Reactor Size Reactors
Turbine Turbines
(MWt)
per Turbine Size (MWe) per Site
Ref.
3530
1
1500
2
3100
1
1240
2
3530
1
1500
2
2300
1
920
4
2300
1
920
4

Demo

2300

1

800

1

2300

1

920

4

Demo
Detailed Demo Design –
Abandoned
NOAK Design Concept
NOAK Design Concept

1400

1

500

1

4200

1

1680

2

1000
840
1000

1
2
2

350
622
760

1
3
3

3750
840
1000

1
2
2

1500
622
760

2
3
3
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Ref.

Table 3-3. Adjustment Factors and Estimated Specific Overnight Capital Cost of the Full Scale Nth-of-a-Kind Commercial Power Plant.

Demonstration

Unit Size Scaling
Adjustment

Multi-Unit
Adjustment

Learning Adjustment

Thermal Efficiency
Adjustment

SOCC FS NOAK
Commercial Power Plant
($/kWe)

Upside

Downside

Upside

Downside

Upside

Downside

Upside

Downside

Upside

Downside

Upside

Downside

MONJU

0.900

1.000

0.343

0.581

0.871

0.933

0.698

0.861

0.923

1.000

4,034

10,887

SuperPhenix

1.000

1.000

1.000

1.000

0.871

0.933

0.678

0.847

1.000

1.000

5,699

7,629

JSFR

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1,509

1,509

BN-800

1.000

1.000

1.000

1.000

0.758

0.871

0.648

0.824

0.870

1.000

1,162

1,953

BN-800 Revised

1.000

1.000

1.000

1.000

0.758

0.871

0.648

0.824

0.870

1.000

2,789

4,688

Future French
Prototype

0.900

1.000

1.000

1.000

0.758

0.871

0.648

0.824

0.870

1.000

1,014

1,895

Kalpakkam
Prototype FBR

0.900

1.000

0.479

0.688

0.871

0.933

0.710

0.870

0.893

1.000

462

1,086

CRBR

0.900

1.000

0.412

0.638

0.871

0.933

0.698

0.861

0.875

1.000

3,751

9,744

ALMR - 1994

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1,524

1,524

S-PRISM

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1,948

1,948
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Overnight Capital Cost ($/kWe in 2012$)

High
Suggested Downside WIT
LWR Downside WIT
25,000

Low
Unadjusted Data

Suggested Upside WIT
LWR Upside WIT

20,000

15,000

10,000

5,000

0

Figure 3-1. Specific Overnight Capital Cost Information.
or being developed in other countries with very different labor rates, productivity, practices, and
regulatory environments is not clear. The same is true for the very large uncertainties in scaling small
demo designs from concepts that have since been abandoned and are not being carried forward because of
their failures. Clearly, they should not set the upper bound of the cost, but how much improvement is
realistic is certainly highly speculative. As far as a choice of nominal values, clearly the cost data is
clustered at or below the upside value choses so a value of 3800 (1/3rd – 2/3rd split between upside and
downside) was chosen to reflect this skewing of the data. This is however lower than the nominal for
LWRs, something that many SFR designers believe is achievable because of the low pressure, higher
thermal efficiency, and low corrosion, but must overcome the challenges of working with sodium and the
cost of an intermediate heat exchanger.
Table 3-4 shows the values of the lines plotted in Figure 3-1. This methodology suggest that the
upside was way too high at more than double that of the JSFR estimate and nearly 70% higher than the SPRISM estimate. The downside value is probably a little too high, but it’s not clear how to put a number
on this. At a slightly more than 30% premium on the most expensive LWR, the slightly reduced 20%
seems more in line with the old thinking that there is a 20% premium above LWRs. The new value for the
downside on the SFR is a 6% savings on the best LWR, which is consistent with the current thinking of
design development and optimization that has taken place since CRBR and other demonstration reactors.
The exact values are obviously not so precise and probably should be rounded off to $2,200 and $7,000
per kWe in 2012 dollars.
Figure 3-2 shows the cumulative distribution of the adjusted data in Table 3-3 compared to the Whatit-Takes (WIT) distribution from Table 3-4. The results show that relative to the data the WIT distribution
is shifted to significantly higher values than even the high values for those estimated at the lowest cost.
This is because most of this data is not for completed reactors, recent design concepts, or U.S. reactors. A
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number of additional factors have been proposed for incorporation that relate too much of the implicit
adjustment in the very low end of the data. These additional factors included:
•

paper reactor to practical reactor

•

o done implicitly, but should have been made explicit
foreign country to U.S. adjustment
costs of the SFR being built in India would need significant adjustment to determine the
equivalent cost of building that reactor in the U.S. beyond currency conversion
current regulatory standards adjustment

o
•

even building an LWR in 2012 would involve more cost than building that same reactor a
couple decades ago
non-recurring costs in demonstration projects

o
•

were any of these costs included in the overnight cost, which is likely and should be removed
from the starting overnight cost before trying to project to the FS-NOAK-CPP.
Table 3-4 What-it-Takes Table Information ($ per KWe).
o

Upside

Mean

Nominal

Downside

Old FR

3,266

5,029

4,200

7,621

SFR

2,200

4,600

4,600

7,000

New LWR

2,300

4,033

4,000

5,800

Probability that Overnight Capital Cost is Less than Value

1
0.9
0.8
0.7
0.6
Low

0.5

High
Average (Low & High)

0.4

What-it-Takes

0.3
0.2
0.1
0
0

2000
4000
6000
8000
10000
Specific Overnight Capital Cost ($/kWe)

12000

Figure 3-2. Cumulative Distribution Function for Low, High, Average of Low and High, and What-itTakes Values.
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Supporting Document 7
Presentation: Du and RU Disposal Costs
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