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ABSTRACT

This paper provides a method for estimating the probability distributions of the levelized costs of
electricity. These probability distributions can be used to find cost-risk minimizing portfolios of
electricity generating assets including Combined-Cycle Gas Turbines (burning natural gas), coal-
fired power plants with sulfur scrubbers, and Small Modular Reactors, SMRs. Probability
densities are proposed for a dozen electricity generation cost drivers, including fuel prices and
externalities costs. Given the long time horizons involved in the planning, construction,
operation, refurbishment, and post-retirement management of generating assets, price data from
the last half century are used to represent long-run price probabilities. This paper shows that
SMRs can competitively replace coal units in a portfolio of coal and natural gas generating
stations to reduce the levelized cost risk associated with the volatility of natural gas prices and
unknown carbon costs.
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Section 1: The Levelized Cost of Electricity

In the U.S. from the 1930s through the 1980s, electricity generating plants were built
under either (1) some form of government or cooperative ownership, or (2) some form of private
ownership with monopoly distribution rights and rate-of-return regulation. To satisfy growing
demand, in a rate-of-return regulated utility or state-owned enterprise making the decision
regarding what electricity generating technologies came down to the question: “What’s the
cheapest?” During the last half century, a single economic metric has been employed to
determine the projected costs of generating electricity: the levelized cost of electricity, LCOE.
See definition of levelized cost in NEA-IEA (2010). The levelized cost methodology assigns all
costs and revenues to years of construction, operation, and dismantling. Each cost in each year is
discounted to the start of commercial operation at an appropriately weighted average cost of
capital, such as 7.5%. The “levelized cost” is the tariff that equates the present values of
investments, expenditures, and revenues, including a rate-of-return on both debt and equity.

However, ex ante when the levelized cost of a new technology is calculated, there are
unknowns and uncertain variables in the calculation such as construction cost and duration,
operating expenses, and fuel costs. Most calculations of levelized cost of electricity assume that
each of the variables is represented by a single, best estimate, or a range of reasonable estimates.
Unfortunately, given the uncertainty of future projections, a single best estimate for these
variables is not likely to be as reliable as knowing a probability distribution for each of the cost
drivers. This will allow the LCOE to be shown as a distribution that reflects these uncertainties.

Given the lengthy life times of electricity generators, constructing generating assets
requires a long-term time horizon, something that is not necessarily built into unregulated
electricity markets. As electricity markets deregulated, U.S. electric utilities moved toward
natural gas, because during much of the day, natural gas prices set the marginal cost of
electricity, hence its price in deregulated markets. If the producer is burning gas, it will at least
do as well as the rest of the sellers of electricity from natural gas. But this “dash to gas” also led
to volatile electricity prices, following price volatility in the natural gas market. The cost
structure of generating electricity from natural gas leaves it particularly susceptible to this
volatility because it is the technology with the highest share of its LCOE coming from fuel costs.
Consumers must either accept this price risk or look to long-term bulk sales to reduce it.

Therefore, given the complexity of complete electricity markets and the lack of a long-
term prospective in many of the remaining markets, there is a role for public policy in helping to
encourage the building of portfolios of generating assets to (1) minimize total cost and cost risk,
(2) minimize carbon dioxide emissions, and (3) maximize energy security for the nation through
the diversification of electricity generation. This paper describes how to approximate the
probability distributions of levelized cost drivers, how to simulate the levelized cost of
electricity, and how to use these probability distributions to construct generating asset portfolios
to minimize the cost risk associated with volatile energy prices, volatile weather conditions,
volatile international energy markets, and volatile international relations.

The analysis relies on modern portfolio theory to provide a framework to investigate the
risk-return tradeoffs of a portfolio of electricity generating technologies. Portfolio theory was
developed in the 1950s to evaluate different combinations of financial assets (stocks, corporate
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bonds, government bonds, etc.) to assess how the resulting portfolio would be expected to
perform both in terms of likely returns, and the risks that the holder would have to bear. Portfolio
theory has been the basis of financial planning for the last half-century, especially driving home
the importance of having diversified portfolios to minimize risk while preserving returns. At the
heart of this finding is that having assets that do not move together reduces volatility of the
portfolio while preserving its expected long-term value (such as a portfolio of stocks with
volatile returns and bonds with more stable returns). This paper applies the models that were
developed to assess these financial tradeoffs to electricity generating portfolios. (For an
application of real options theory to the choice of new nuclear in Texas, see Rothwell 2006.)

Because of the near lack of cost correlation between nuclear power and fossil-fired
plants, nuclear power can balance the levelized cost of portfolios of fossil-fired power plants.
Small Modular Reactors, SMRs, show promise in replacing coal units while natural gas prices
are low and could be built to replace natural gas units as the price of natural gas rises.

This paper simulates the levelized costs of SMRs, Combined-Cycle Gas Turbines,
CCGTs, burning natural gas, and coal-fired power plants with sulfur scrubbers, COAL (compare
with Lévéque, 2013, pp. 48-60). Because the technology for producing energy is fixed during the
life of the plant, total construction cost, KC, and hence, levelized capital cost, are fixed at the
time of construction completion; capital additions are expensed in the levelized cost model and
added to Operations and Maintenance costs, O&M. (Refurbishment costs are not included in this
analysis.) Unless otherwise specified, all monetary values are in 2013 dollars. In this context, the
levelized cost per megawatt-hour, MWh, can be defined as

LCk = [[FCR(F) . KC(OCk, r, |tk)] + FUELy (Fk, p,:k) + O&M (Lk, p|_)] [ Ex, (1.1.1)

where

e Kk indicates the power generating technology, S for SMR, G for CCGT, or C for coal, etc.;

e FCR is the Fixed Charge Rate (also known as the Capital Recovery Factor, CFR) is a
function of the cost of capital, r, and the plant’s depreciation life, T:

FCR = [r@+nT/[QA+n"-1]; (1.1.2)

e KC(OCy, r, Ity) is the total construction cost, which is a function of the overnight cost,
OCx (which is a function of the size of the plant, MW), the cost of capital, r, and the lead
time of construction, Ity; the product of FCR and KC vyield a uniform annual payment to
investors;

o FUELy (Fk, prx) is the annual fuel payment and a function of the amount of fuel, Fy, and
price of fuel, pr;

o O&My (Lk, po) is the annual Operations and Maintenance expense and a function of the
amount of labor, Ly, and the price of labor, p_ (which is assumed uniform across the
generating industry); and

e Eyisannual energy output:
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E. = MW - TT - CF, (1.1.3)

where MW is the size of the power plant in megawatts, TT is the total time in hours in a year,
and CFy is the power plant’s annual capacity factor. Capacity factors are discussed in Section 2.7
for nuclear power plants and in Section 3 for fossil-fired power plants. (Other operating modes,
intermittent renewables, such as wind, will be added in future work.)

In Equation (1.1.1) some elements are considered parameters (and are represented in non-
Italic fonts) and assigned specific values; the influence of these values is determined with
sensitivity analysis. The parameters include (1) the cost of capital, r; (2) the life time of the plant,
T; (3) the price of labor, pg; (4) the size of the plant, MW; and (5) the total number of hours in a
year, TT. The remaining elements are variables that can be functions of other parameters and
other variables, such as in Equation (1.1.3), where the random variable Ex is a function of the
parameters MW and TT and the random variable CFy. Using historic data, random variables are
modeled with reasonable probability distributions. The probability distributions for the LCy in
Equation (1.1.1) will be determined using a Monte Carlo process and compared with other
generation technologies and in portfolios of electricity generators.

Section 2 discusses the parameters, variables, and levelized cost of Small Modular (Light
Water) Reactors, SMRs, based on the costs of Advanced Light Water Reactors, ALWRs. Section
3 discusses the parameters, variables, and levelized cost of natural gas and coal-fired power
plants. Section 4 calculates the expected levelized costs and standard deviations of portfolios of
generating assets. Section 5 summarizes the conclusions.

Section 2: The Levelized Cost of Electricity of New Nuclear Power

This section provides a method for estimating the probability distributions of levelized
costs of new nuclear power, in particular, SMRs. Although ALWRs will not be included in the
portfolio analysis, SMR costs are derived from the costs of ALWRs, given that many of the
SMRs under development are Light Water Reactor technologies. Section 2.1 discusses the
appropriate cost of capital under different regulatory programs in the U.S., and how to calculate
the accumulation of financing costs during construction. Section 2.2 discusses appropriate
contingencies on cost estimates and argues that the cost engineering literature on contingency is
compatible with setting the contingency based on the standard deviation of the cost estimate.
(The Appendix extends this discussion and introduces the literature on portfolios of financial
assets.) Section 2.3 estimates new nuclear’s total construction cost and shows that the estimated
overnight cost of a new ALWR unit in the U.S. can be modeled with a probability distribution
with a mode of $4,400/kW and a standard deviation of $460/kW. Section 2.4 introduces a “top-
down” model of SMR levelized cost. Section 2.5 through Section 2.7, respectively, discuss new
nuclear’s power fuel costs, Operations and Maintenance (O&M) costs, and new nuclear’s
capacity factor. Section 2.8 presents estimates of the probability distribution of new nuclear’s
levelized cost of electricity.
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Section 2.1: The Cost of Capital and Interest During Construction

Various public policy instruments have been proposed to lower the cost of capital to
investors in new nuclear. To determine the impact of these instruments on the cost of capital, this
section discusses the results of a cash flow model to calibrate changes in the WACC, “Weighted
Average Cost of Capital,” r, with US Government taxes and policy instruments. (Rothwell,
2011, pp. 88-91, provides a detailed discussion of the cash flow model that was used in MIT,
2003, University of Chicago, 2004, and MIT, 2009.) Based on this literature, in this paper,
levelized cost will be calculated for real weighted average costs of capital, WACC, of

3%, appropriate for self-regulated, state-financed utilities (e.g., TVA, see OMB 1992 on
financing government projects); this can be considered the baseline “risk-free” rate
(because tariffs or taxes can be raised to pay investment costs);

5%, appropriate for state-regulated utilities with Construction Work in Progress, CWIP,
financing with access to loan guarantees and production tax credits;

7.5%, appropriate for state-regulated utilities with Allowance for Funds Used During
Construction, AFUDC, financing with access to loan guarantees and production tax
credits; and

10%, appropriate for utilities in deregulated markets without access to loan-guaranteed
financing or production tax credits.

The real weighted average cost of capital, r, will be set equal to each of these rates (3%, 5%,
7.5%, and 10%) for both nuclear and fossil-fired forms of electricity generation. Sensitivity
analysis will be performed to determine the influence of the cost of capital on levelized costs.

To understand the relationship between the cost of capital, construction lead time, and
compounding Interest During Construction, IDC, consider capital construction expenditures,
discounted to the beginning of commercial operation, i.e., when sales and revenues start:

IDC = X CX;-OC [(1+m) ™" —-1], t=-1It...0 (2.1.1)

where (1) the CX; are construction expenditure percentages of overnight cost, OC, in month t,
and (2) m the monthly weighted average cost of capital during construction, (1 + m) = (1 + r)¥*2,
In addition, the IDC factor, idc, is the percentage add-on for financing charges. Because IDC
depends on the construction expenditure rate (how much is spent in each month), Equation
(2.1.1) can be complicated because the expenditure rate is not the same over the construction
period with smaller amounts being spent early to prepare the site, larger amounts being spent on
equipment in the middle of the project, and smaller amounts being spent at the end on
instrumentation, training, and fuel loading. For probability analysis, what is required is to
calculate the percentage increase in the overnight cost due to project financing, equal to the IDC
factor, as a transparent function of construction lead time and the cost of capital.

Equation (2.1.1) becomes a straightforward calculation if the construction expenditures
have a uniform distribution, such that CX; = 1 / It: total overnight cost divided by construction
lead time, It. Then Equation (2.1.1) can be approximated (Rothwell, 2011, p. 35) as
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R

IDC =z idc - OC, where (2.1.2)
idc = [(m/2)-1t] +[(m?/6)-1t? (2.1.3)

The idc factor is a function of a parameter, m, and a random variable, lead time, It. The random
variable, It, is modeled by fitting construction lead time data for recently completed units from
IAEA (2013). Because it is unlikely that the distribution of lead times for new nuclear plants is
symmetric, the exponential distribution is more suitable to mimic lead time probabilities:

Exponential density: expo(b) = [exp(=x/b)]/b, (2.1.4a)
Exponential distribution: EXPO(b) =1-exp(-x/b), (2.1.4b)

where b and x must be greater than 0 (thus avoiding negative lead times in simulation), and b is
equal to the mean and the standard deviation. Figure 2.1.1 presents construction lead time data in
months fit to an exponential distribution. Because there is only one parameter in this distribution,
a shift parameter is introduced to move the origin away from 0 months, this shift is added to b,
yielding an expected mean of 59.26 months (= 11.75 + 47.51) or almost 5 years. Using this
distribution implies that the construction lead time cannot be less than about 4 years, but could
be greater than 10 years: there is no upper limit on construction lead time. (In the figures, blue
represents input data, red represents probability densities, and purple represents both.)

It is assumed that the construction lead time for an SMR (Section 2.4) is one-half to two-
thirds of that of an ALWR, i.e., an exponential distribution with a mean between 30 and 40
months with a standard deviation of 8 months. The Interest During Construction, idc, factor is
simulated as in Equation (2.1.3). (Lead time only influences the idc factor in the model;
overnight cost does not depend on the lead time, although Rothwell, 1986, found that
construction cost was positively correlated with the construction lead time.)

Figure 2.1.1: ALWR Construction Lead Time in Months, Fitted to Exponential Density
Exponential[ 11.8 , Shift( 47.5)], Mean =59 m, SDev =10 m, Mode =52 m

5.0%
19.1%

90.0% 5.0%
50m 74.0% 79m 6.9%

96 -
108

Source: IAEA (2013) http://www-pub.iaea.org/MTCD/Publications/PDF/rds2-33_web.pdf
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Section 2.2: New Nuclear Power Plant Construction Cost Contingency

Traditionally, cost contingency estimation relied heavily on expert judgment based on
various cost-engineering standards. Lorance and Wendling (1999, p. 7) discuss expected
accuracy ranges for cost estimates: “The estimate meets the specified quality requirements if the
expected accuracy ranges are achieved. This can be determined by selecting the values at the
10% and 90% points of the distribution.” With symmetric distributions, this infers that 80% of
the cost estimate’s probability distribution is between the bounds of the accuracy range: + X%.

To better understand confidence intervals and accuracy ranges, consider the normal
(“bell-shaped™) probability distribution in Figure 2.2.1. The normal distribution can be described
by its mean (the expected cost) represented mathematically as E(cost), and its standard deviation,
a measure of the cost estimate uncertainty. The normal distribution is symmetric, i.e., it is
equally likely that the final cost will be above or below the expected cost, so the mean equals the
median (half the probability is above the median and half is below) and the mean equals the
mode (the most likely cost). The normal density is

normal(p, o) = 2no’) ™ -exp{ —(1/2) - (x—p)*/c*}, (2.2.1)
where p is the mean (arithmetic average), o is the variance, and o is the standard deviation.

Figure 2.2.1 shows the normal density of a cost estimate with a mean, median, and mode
of $1.5 billion and a standard deviation of 23.4%: 10% of the distribution is below $1.05B and
10% is above $1.95B, yielding an 80% confidence level.

Figure 2.2.1: A Generic Cost Estimate as a Normal Density
Normal ($1.5 B, $0.35 B), Mean = $1.5 B, SDev = 23.4% = $350 M

Preliminary Standard
Estimate => Deviation=
30%0/1.28 = 23.4% x $1.5B
Stan_da_rd distribution is

Deviation between

$1.05and $1.95B =
1.5-(1.5 x 30%) to
1.5+(1.5 X 30%)

1

1
40% 1 40%
1

$0.50 $0.75 $1.00 $1.25 $150 $1.75 $2.00 $2.25 $2.50

10%

10%

in billions of $

The cumulative distribution of the normal density, i.e., the normal distribution function,
NORMAL (u, o), (which the integral of the area under the continuous red line in Figure 2.2.1) is
not available in “closed form,” i.e., as a simple, algebraic equation (without integral calculus).
The normal distribution function is shown in Figure 2.2.2 with non-symmetric distribution
functions: the lognormal and the extreme value, discussed below):
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lognormal(p, 0) = x* (2no?)™ -exp{—(Inx-p?/(2-c?)}, (2.2.2)
where p is the mean and o? is the variance; Johnson, Kotz, and Balkarishnan (1995).

Figure 2.2.2: Normal, Lognormal, and Extreme Value Distributions
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If the cost estimate were normally distributed, the standard deviation would be
c = Xlz, (2.2.3)

where X is the absolute value of the level of accuracy and Z depends on the confidence level. For
example, the level of accuracy for a “Preliminary Estimate” is about +30%. If the cost estimator
has an 80% confidence in this range of accuracy, Z = 1.28, i.e., 80% of the standard normal
distribution is between the mean plus or minus 1.28 times . So, ¢ = (30% / 1.28) = 23.4%,
which is in the range of 15-30% suggested in the literature, e.g., EPRI (1993). Also, the level of
accuracy for a “Detailed Estimate” is about +20%. With the same level of confidence, Z = 1.28,
o=20% /1.28 = 15.6%, which is in the suggested contingency range of 10-20%. Also, the level
of accuracy for a “Final Estimate” is about £10%. With the same level of confidence, o= 10% /
1.28 = 7.8%, which is suggested contingency range of 5-10%; see Rothwell (2005).

These guidelines suggest a “rule-of-thumb”: the contingency is approximately equal to
the standard deviation of the cost estimate (and vice-versa, that the standard deviation of a cost
estimate is approximately equal to the contingency):

CON|80% ~ o,€e.J0., 7.8%|¢10%, 15.6%|¢zo%, or 23.4%|¢30% . (2.2.4)

The Appendix (Section Al) discusses the appropriate risk aversion premium to place on the
standard deviation of the cost estimate at different levels of confidence in the cost estimate. It
finds that one cannot simultaneously determine the level of accuracy of the cost estimate, the
level of confidence in the cost estimate, and the level of aversion to the standard deviation of the
cost estimate. Therefore, a risk aversion parameter is set to 1.00, and multipliers are applied to o
to account for ranges of accuracy, levels of confidence, and aversion to risk (standard deviation).
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Section 2.3: New Nuclear Power Plant Construction Cost

Construction Cost, KC, is the total amount spent on construction before any electricity or
revenues are generated, as defined in Cost Estimating Guidelines for Generation IV Nuclear
Energy Systems (EMWG, 2007) developed by the Economic Modeling Working Group of the
Generation 1V International Forum. KC is equal to total overnight construction cost plus
contingency and financing costs. To measure these consistently, a set of standard definitions of
construction accounts, structures, equipment, and personnel is required. Here, in the Code of
Accounts, COA, from EMWG (2007), the total construction cost, KC, includes

(1) DIR: direct construction costs plus pre-construction costs, such as site preparation;
(2) INDIR: the indirect costs;

(3) OWN: owners’ costs, including some pre-construction costs, such as site licensing, fee,
including the environmental testing associated with an Early Site Permit and/or the
Combined Construction and Operating License;

(4) SUPP, Supplemental costs (primarily first core costs; if first fuel core costs are levelized
in the cost of fuel, as is done here, SUPP can be set to $0/kW);

(5) Contingency is expressed here as a contingency rate, Con; for example, 15%; and

(6) Interest During Construction, IDC, is expressed as a percentage markup on total
overnight costs, (1 + idc), which is also known as the “IDC factor.”

Indirect costs can be expressed as a percentage markup, in, on direct cost: INDIR = in -
DIR. The indirect percentage markup, in, is set to 10% (EMWG 2007). Second, the owners’
costs associated with the development of the site, e.g., US NRC and US EPA licensing fees and
site preparation expenses, are set to fee = $200 M plus 5% of direct costs (EMWG 2007). There
is no indirect on owners’ costs.

The sum of these costs is the base overnight construction cost, BASE. The term overnight
describes what the construction cost would be if money had no time value. Some references
define “overnight cost” without contingency, and some references define “overnight cost” with
contingency, as does US EIA (2013). To make this distinction, BASE excludes contingency and
OC includes contingency. OC plus Interest During Construction, IDC, equals total Construction
Cost, KC. To summarize (where the subscript k refers to ALWRS),

OCx = [DIR¢ (1.05 +in) + fee] (1 + Con) Or (2.3.1a)
DIRy = ([OCk/ (1 + Con)] —fee)/(1.05+in) (2.3.1b)
KCx = [DIR (1.05+in) + fee] (1 + Con) (1 + idcy) (2.3.2)

Concerning current estimates of new nuclear power plant construction costs, there is little
publicly available data on expected costs for the nuclear power units under construction.
However, there are estimates of total overnight costs for the Westinghouse AP1000s, because
two twin AP1000s are under active construction with two more sites being prepared, and a
version of the AP1000 is being built as two twin plants in China. There are a few construction
cost estimates for twin AP1000s for the U.S.:
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(1) There is the “certified cost” estimate for Vogtle Units 3 & 4: $4,418 M for a 45.7% share
of 2,234 MW for Georgia Power (2010, p. 7). The Overnight Cost per kilowatt (including
contingency, but not financing) is ($4,418 M/0.457)/(2.234 GW) = $4,330/kW. Updating this
from 2010 dollars to 2013 dollars, yields $4,500/kW. (Although there has been some cost
escalation during the construction of Vogtle, there is a conflict as to who will pay this
increase; hence the amount of escalation will be unknown until the plant is completed.)

(2) The SCE&G (2010, p. 3) overnight cost estimate for Summer Units 2 & 3 (=
$4,270/kW/55%)/(2.234GW) = $3,475/kW in 2007 dollars, or $3,900/kW in 2013 dollars.

(3) The Progress Energy overnight cost estimate for Levy County Units 1 & 2 is $4,800/kW
in 2013 dollars, Progress Energy (2010, pp. 52-56, 132-140, and 320-321).

The average of these cost estimates is $4,400/kW (= $4,500+%$3,900+%$4,800/3) with a standard
deviation of $460; as represented in Figure 2.3.1. In this paper, the baseline for ALWR
construction cost is $4,400/kW in 2013 dollars. However, following Section 2.2, an appropriate
contingency on overnight costs would be about 10.5% (= $460/$4,400) for 80% confidence,
about 13.5% (= 1.29 - $460/$4,400) for 90% confidence, and about 16% (= 1.53 - $460/$4,400)
for 95% confidence; see Table A1.1.

Figure 2.3.1: AP1000 Overnight Plant Costs, 2013%/kW, Fitted to a Normal Density

Normal($4,400, $460)
Mode = $4,400, Mean = $4,400, Median = $4,400, SDev = $460

Summer Vogtl Levy

$3,000 $3,500 $4,000 $4,500 $5,000 $5500 $6,000

2013 $ per kWe

Sources: Georgia Power (2010), SCE&G (2010), Progress Energy (2010), Scroggs (2010)

To measure this uncertainty, there is a cost range for twin AP1000s in regulatory filings
associated with Florida Power and Light’s Turkey Point Units 6 & 7. Also see Scroggs (2010, p.
45), “Updating the cost estimate range to 2010 dollars, adjusting for the 1,100 MW sized units a
net 2.5% escalation rate, results in a cost estimate range of $3,397/kW to $4,940/kW.” This cost
estimate range is $3,600/kW to $5,300/kW in 2013 dollars with a mid-point of $4,450/kW.
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Following cost engineering guidelines (Section 2.2), if this range were expected to cover 95% of
the realized Overnight Costs per kilowatt for Levy, the implied standard deviation would be
$430/kW = ($850/1.96)/kW. The Levy cost estimate mid-point is only 1% different from the
baseline here, $4,450/kW versus $4,400/kW. Because it is unlikely that the distribution of
overnight costs for ALWRs is symmetric, the normal probability density of overnight costs is
transformed into an extreme value density:

Extreme Value density: maxv(a, b) = (1/b)-ab-exp{(—ab)}, (2.3.33)
Extreme Value distribution: MAXV(a, b) =exp{-ab}, (2.3.3b)
where ab = exp{-[(x—a)/b] }

and a is equal to the mode, and the standard deviation is equal to b times (n/\6) (= 1.28);
Johnson, Kotz, and Balkarishnan (1995). The direction of the skewness in the extreme value
distribution can be reversed, such that it has an extreme minimum value. This is designated here
as minv(a, b) and MINV(a, b). With an extreme value distribution the expected overnight costs
for twin ALWRs are shown in Figure 2.3.2, where the mode is equal to $4,400/kW, the mean is
equal to $4,610/kW, and the standard deviation is equal to $460/kW (= $360 - 1/\6)/kW.

Figure 2.3.2: ALWR Overnight Plant Costs, 2013$/kW, Fitted to an Extreme Value Density

Extreme Value, maxv($4,400, $360),
Mode= $4,400, Mean = $4,610, Median = $4,530, SDev = $460

5.0% 4,000 900%  g5470 50%

$3,500

$4,000 -
$4,500
$5,000 -
$5,500
$6,000
$6,500

Source: Figure 2.3.1
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Section 2.4: Small Modular Reactors

This section defines Small Modular Reactors, SMRs, as the term is used by the US DOE.
In defining modular nuclear technologies, the term “module” has many meanings. The two most
common usages of “module” in nuclear energy systems are (1) where equipment is delivered to
the site as modules that can be plugged into one another and inserted into a structure with a
minimum amount of labor, similar to “plug-and-play” personal computer equipment, and (2)
where components and equipment of a nuclear power plant are made under factory quality-
control, and delivered in a set of packages that can be assembled on-site, similar to home
furniture. Here, (1) a “module” is a piece of pre-assembled equipment, e.g., the “reactor
module;” (2) “modular construction” assembles factory-produced, pre-packaged structures on-
site; and (3) “on-site construction” relies on site-delivered labor, machines, and materials to build
structures and insert modules.

One or more SMR units make up an SMR plant. How unit costs change with reactor size
is referred to as “scale economies” and can be represented with a scale parameter, S, such that
cost declines (or increases) by (1 — S) for each doubling (or halving) of reactor capacity. For
example, if S = 90%, then a 500 MW reactor would be 10% more costly than a 1,000 MW
reactor, and a 250 MW reactor would be 23% more costly than a 1,000 MW reactor (from the
same manufacturer) due to scale economies in reactor design of the same technology. (While
there could be scale economies in the overnight cost of nuclear steam supply systems, because
larger plants take longer to build, scale economies have not been detectable in total construction
cost for nuclear power plants above 600 MW; Rothwell 1986.)

In Section 2.7, construction and levelized costs of twin 180 MW SMRs (the mPower
design) are derived from construction and levelized costs of twin 1,117 ALWRs (the
Westinghouse AP1000 design), assuming scale economies in reactor size, i.e., the larger the
SMR, the lower the cost per kilowatt. (This analysis was easier when Westinghouse was actively
working on an SMR and one could assume that the ALWR and SMR would be designed and
built by the same manufacturer. So the scale relationship between reactors from different
suppliers is only approximate.) On the other hand, transportation modes (e.g., rail cars) limit the
size of the modules that can be shipped to a generic site. The stated sizes of the SMR reactor
modules will vary as the designers minimize construction and other costs subject to
manufacturing and transportation constraints.

To begin, the direct construction cost of a smaller reactor, DIRsur, can be related to the
cost for a larger reactor, DIRaLwr, through set of multipliers, including a scale factor:

where DIRaLwr IS from Equation (2.3.1b) and S is the scaling factor, e.g., 90%; see discussion of
the “scaling law” in NEA (2011, p. 72). Although smaller in scale, SMRs are simpler in design
with less equipment, reducing cost. Let s represent the factor saved by simplifying equipment in
the design of the LWR SMR:

DIRSMR - DIRALWR (MWSMR / MWALWR) -5 - S (In MWSMR - In MWALWR)”I’] 2. (2.4.2)
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where s is the percentage reduction in cost associated with design simplification. If s were 85%
(NEA, 2011, p. 75), direct costs would be 85% of what the costs would be in Equation (2.4.1).

Further, smaller reactors could enjoy economies of mass production (also known as serial
economies or series economies, ser) over larger reactors, for example, in improved factory
quality control, SMR direct costs could be lower than in Equation (2.4.2):

DIRSMR = DIRALWR (MWSMR/MWALWR) “ser-s-S (In MWSMR -~ In MWALWR) /in 2, (243)

where ser is the percentage reduction in cost associated with factory production, e.qg., if ser were
15%, costs would be 85% of what the costs would be with Equation (2.4.2). In sum, SMR
construction costs can be defined by Equation (2.4.3) and Equation (2.4.4):

KCSMR = [DIRSMR (105 + inSMR) + feeSMR] (1 + CONSMR) (1 + idCSMR) (244)

Uniform probability distributions are assigned to ser [80%, 100%], s [75%, 95%], and S [80%,
100%] to simulate the probability distribution of KCsmg, as shown in Figure 2.4.1. (These
parameters together can model most first- and second-order differences between ALWR and
SMR costs.)

Figure 2.4.1: SMR Plant Overnight Costs 2013$/kW, Simulated, Fitted to a Lognormal Density

Lognormal[ $3,068, $864, Shift($1,434)], Mean = $4,500, SDev = $850, Median = $4,400

5.0% 90.0% 5.0%

4.9%
’ $3,300/kW 89.8% $6,000/kW 5.3%

$2,000
$3,000
$4,000
$5,000
$6,000
$7,000
$8,000
$9,000

Source: Figure 2.3.2, Equations (2.4.3) and (2.4.4) with uniform distributions on ser, s, and S

Comparing Figure 2.3.2 and Figure 2.4.1 shows that the SMR overnight mean cost per
MWh of $4,500/kW is between the mean and mode of the overnight cost of the ALWR, but the
standard deviation (at this time) is nearly twice as high: compare the SMR standard deviation of
$850/kW versus $460/kW for the ALWR. Also, Figure 2.4.2 presents a SMR construction lead
time simulation as a function of the assumptions made in Section 2.1.
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Figure 2.4.2: SMR Construction Lead Time, Simulated, Fitted to a Lognormal Density

Lognormal[ 14.0, 7.1, Shift(20.7)], Mean = 34.7 m, SDev = 6.9 m, Min=24 m
5.0% 90.0% 5.0%

4.4% 91.1% 4.5%
26 months 49 months

*

Source: uniform distribution between 1/2 and 2/3 of those in Figure 2.1.1

Section 2.5: Nuclear Power Fuel Costs

Low Enriched Uranium, LEU, fuel accounting is complex if done precisely, i.e., by
considering all lead and lag times of each fuel bundle from the first core through the last core.
Here, as in most analyses, the assumption is that fuel is paid in a uniform stream over the life of
the plant, without regard to the changing nature of a reactor’s set of irradiated fuel. This is
similar to the assumption of leasing the fuel from a third party at a per-megawatt-hour fee.
However, unlike carbon-fired plants, where fuel is expensed, nuclear fuel is capital that must be
paid for over time. The cost of LEU is calculated using the formula from Rothwell (2011, p. 41).
This cost includes the costs of natural uranium, conversion to uranium hexafluoride, enrichment,
reconversion to uranium oxide, and fuel fabrication.

Figure 2.5.1 presents spot prices of uranium (in 2013 dollars per kilogram of uranium
oxide, $/kg-U308) and the prices of enrichment, measured in Separative Work Units, SWU, in
$/kg-SWU; prices have been converted using the monthly US Producer Price Index through
2013. Uranium prices from 1948 to 1972 are from US DOE (1981), converted to monthly prices
by interpolation from mid-year to mid-year; prices from January 1973 through December 2006
are from Bureau of Agricultural and Resource Economics and Sciences (ABARES, 2007).
Approximate prices since 2006 have been collected quarterly from the UXC website. For more
information on uranium prices, see IAEA-NEA (2012).

In the U.S. market there have been five (illustrative) periods in the history of uranium
prices.
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Period 1 began in 1948 with purchases by the US Atomic Energy Commission, US AEC.

Period 2 began in 1968 with private ownership of uranium in the U.S., but the US AEC
maintained a monopoly on enrichment services. During this period, new private owners
entered the market with little supply of uranium, driving up the price.

Period 3 began with the accident at Three Mile Island in April 1979, after which nuclear
power plants under construction were cancelled and electric utilities left the uranium market;
uranium prices fell almost continuously throughout the period; Rothwell (1980).

Period 4 began with the end of the Cold War, symbolically marked by the fall of the Berlin
Wall, November 1989, and the entry of nuclear weapons highly enriched uranium into the
market. The price of uranium hit historic lows before the possibility of a global nuclear
renaissance pushed the price above its 1989 level in late 2003.

Period 5 has been a time of price instability with the end of surplus stockpiles, growth in
nuclear power capacity in China and Korea, and the temporary shutdowns of nuclear power
plants in Japan following the accident at Fukushima-Dai-Ichi in March 2011.

Figure 2.5.1: Natural Uranium and Separative Work Units, SWU, Spot Prices in 2013%/kg
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The annual prices of uranium and SWU from 1970 to 2014 were fitted to exponential and
extreme value probability densities, respectively. Figure 2.5.2 presents annual uranium data fit to
an exponential distribution, thus avoiding negative prices for natural uranium. Because there is
only one parameter in this distribution, a shift parameter is introduced to move the origin above
$0/kg, this shift is added to b, yielding an expected mean of $95.10/kg-U308 (= $69.60/kg +
$25.50/kg). This limits values in the simulation of uranium prices to be above $25.50/kg-U308.

Figure 2.5.3 presents annual Separative Work Unit, SWU, prices fitted to an extreme
value (minimum) distribution. While the mean of this distribution is $143/kg based on historic
data, the price of Separative Work Units is now below $100/kg with the retirement of diffusion
enrichment plants, and it is unlikely to rise above $143/kg (in 2013 dollars) due to excess
capacity (particularly in Russia); see Rothwell (2009) and Rothwell (2012).
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Figure 2.5.2: Natural Uranium 2013%/kg-U308 Prices, Fitted to an Exponential Density

Exponential[ $69.60, Shift($25.50)], Mean = $97, Median = $73, SDev = $74
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Source: Annualized data from Figure 2.5.1

Figure 2.5.3: SWU 2013$/kg Prices, Fitted to an Extreme Value-Minimum Density

Extreme Value, minv($152.40, $17.59), Mean = $143, SDev = $20
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Source: Annualized data from Figure 2.5.1
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Table 2.5.1 specifies the baseline parameters for new nuclear fuel. Because of the historic
stability, and little impact on the price of LEU, the price to convert U3Og to UFs is set at $10/kg
and the fuel fabrication price to reconvert the UFg to UO, (metal) and to fabricate the UO; into
LEU fuel is set to $300/kg in 2013 dollars from the analysis in Rothwell (2010a). The cost of
ALWR fuel is about $2,500/kg and the cost of SMR fuel is about $2,750/kg at a WACC of 7.5%
(this rate discounts purchases of uranium and fuel services to the point when it is loaded into the
reactor).

There are three primary differences between ALWR and SMR fuel: (1) in U.S. designs
SMR fuel is enriched to just less than 5%, an US NRC threshold for Low Enriched Uranium,
LEU, so the enrichment is slightly higher for SMRs than for ALWRs, requiring more Separative
Work Units, SWU; (2) the burnup (B, in thermal gigawatt-days per tonne of uranium) is lower,
e.g., 40 GWdA/MTU, compared to 50 GWd/MTU, or higher, for ALWRs; and (3) the efficiency,
g, In converting thermal gigawatts into electrical gigawatts is lower for SMRs, for example,
around 30% (here modeled with a uniform distribution between 30% and 33%), compared to
around 33% for ALWRs. So, SMRs consume more uranium and SWU per MWh.

Table 2.5.1: Parameters for New Nuclear Fuel Cost Calculations (r = 7.5%)

Levelized Fuel Cost Parameters ALWR SMR ALWR SMR
Average | Average 2013 2013
Price of UraniumF6 + Conversion $105 $105 $105 $105
Uranium Enrichment Percentage 4.50% 4.95% 4.50% 4.95%
Price per Separative Work Unit $142 $142 $100 $100
Optimal Tails Assay 0.26% 0.26% 0.22% 0.22%
RU (U input to kgU output) 9.41 10.41 8.76 9.68
Value Function (Feed Assay) 4.87 4.87 4.87 4.87
Value Function (Tails Assay) 5.92 5.92 6.08 6.08
Value Function (Product Assay) 2.78 2.66 2.78 2.66
SWU/kg 6.72 7.65 7.29 8.29
Fuel Fabrication Price, $/kg $300 $300 $300 $300
Burnup: GWd/MTU 50 40 50 40
Efficiency of MWth to MWe 33.0% 31.5% 33.0% 31.5%
Burnup x Efficiency x 24, MWh/kg-U308 396 302 396 302
Fuel Cost/kg $2,480 $2,750 $2,160 $2,375

If the price of SWU were $100/kg-SWU (the price has not been above $100/kg-SWU
since 2013), fuel prices for ALWRs would be about $2,160/kg (a reduction of 13%) and fuel
prices of SMRs would be about $2,375/kg (a reduction of 14%). Therefore, by maintaining the
same methodology of modeling probability distributions for cost drivers based on historic data,
the price of LEU fuel is biased upward when compared to fossil-fired generators. (Also, back-
end costs are assumed to be $0.85/kg for interim storage, see Rothwell, 2010b, and $1/MWh for
geologic disposal.)

rothwell @stanford.edu; fganda@anl.qov 17




Electricity Generating Portfolios with SMRs v.20

Section 2.6: Nuclear Power O&M Costs

Next, much has been written about the O&M costs of the currently operating PWRs and
BWRs in the U.S. Unfortunately, the best data on nuclear power plant O&M costs are
proprietary. Without access to these data, the following model is proposed: Labor, L, and
Miscellaneous, M, costs are often grouped together in nuclear facility costs as Operations and
Maintenance, O&M, costs where

0O&M = (p. - L)+ M. (2.6.1)

Labor costs, p_ - L, are the product of (1) the average employee wages and benefits, and (2) the
number of plant employees. Miscellaneous costs, M, include maintenance materials, capital
additions, supplies, operating fees, property taxes, and insurance. Rothwell (2011, p. 37)
estimates values for the amount of labor in Equation (2.6.1) using Ordinary Least Squares, OLS:

In(L) = 5.547 + 0.870 (GW), R? = 96% (2.6.2)
(0.181) (0.099) Standard Error = 12.43%

where In(L) is the natural logarithm of the number of employees and GW is the gigawatt size of
the plant. In the semi-log form, the estimated constant is the minimum number of employees,
i.e., exp[5.547] = 256 in Equation (2.6.2), and the estimated slope is the growth rate in
employees with each GW increase in size. Equation (2.6.2) implies the staffing level for a 360-
MW SMR would be about 350, or about 1 employee per MW.

However, there is much less known about the standard error in applying the estimate in
Equation (2.6.2) to SMR labor estimation. On the other hand, SMR labor should be lower per
MWh than with ALWRs given the reduction in the complexity of the equipment. So, the
standard error in simulation is modeled as a truncated normal with ¢_< 0. This reduces the level
of employment by (on average) -9.6% (although it varies in simulation).

Assuming that the burdened labor rate, including benefits, p., is $80,000 per employee
per year in the U.S. (EMWG, 2007), the cost of fixed labor, LX, is

pL- L =p- e "W =480,000 - 350 - (1-0.096) = $25 M . (2.6.3)
Let the percentage markup, om, be 0.65, as in Rothwell (2011, p. 40), then
O&M = (1+om)(pL- L) =165-325M = $41 M. (2.6.4)

(In simulation, om varies between 0.55 and 0.75.) Dividing by expected MWHh, as a function of
the capacity factor (see the next section), the expected O&M cost per MWh is normally
distributed with a mean of $15.69/MWh and a standard deviation of $1.39/MWh, as shown in
Figure 2.6.1, modelled with a normal distribution in which 90% of the observations would be
between $13/MWh and $18/MWh. These estimates are similar to those in Dominion Energy,
Inc., Bechtel Power Corporation, TLG, Inc., and MPR Associates (2004).
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Figure 2.6.1: Twin SMR O&M $/MWh, Simulated, Fitted to a Normal Density

Normal( $15.69, $1.39), Mean = $15.69, SDev = $1.39, Median = $15.83, Mode = $16.17

5.0% 90.0% 5.0%
3:5% s13Mwh  89.3% $18/MWh 7.2%

*

Source: Equation (2.6.2) with a truncated normal error and Equation (2.6.4)

Section 2.7: Nuclear Power Capacity Factors

The last random variable to discuss involves the denominator in Equation (1.1.1), as
defined in Equation (1.1.3), where annual electrical energy output is a function of the size of the
power plant, MW, the number of hours in a year, TT, and a random variable, CF, the capacity
factor. The US NRC defines several capacity factors, each with a different measure of capacity.
In Equation (1.1.3), let E be the NRC’s “Net Electrical Energy Generated” and MW be the “Net
Maximum Dependable Capacity,” after subtracting power consumed by the plant itself. This is
the most compatible with the IAEA’s definition of “Load Factor.” There are three related
indicators of generating performance: productivity, availability, and reliability. (For a
comparison of US NRC and IAEA definitions for these performance indicators, see Rothwell,
1990).

Productivity refers to the ability of the power plant’s generating capacity to produce
electricity. Productivity is measured by the Capacity Factor, CF, for each technology in each
period. Let

CFq = Ex/ (MW - TT). (2.7.1)

Figure 2.7.1 presents average annual capacity factors of U.S. nuclear power plants. These data
are fitted to an extreme value density function with a mean value of 88.5% and a standard
deviation of 2.5% with a minimum of 78.2% and a maximum of 91.8%.
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Figure 2.7.1: U.S. Nuclear Power Plant Capacity Factors,

Fitted to an Extreme Minimum Value Density
(annual average for the U.S. fleet of light-water nuclear power plants)

Extreme Value, minv(89.6%, 2.5%), Mean = 89%, SDev = 3.3%, Min =78%, Max = 92%
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Source: http://www.eia.gov/totalenergy/data/monthly/pdf/sec8.pdf

Section 2.8: New Nuclear Power’s Levelized Cost of Electricity

Table 2.8.1 presents parameters in calculating levelized capital costs for new nuclear.
(Only N™-of-a-Kind, NOAK, costs are considered here; on calculating First-of-a-Kind, FOAK,
costs, see Rothwell, 2011, pp. 57-61.) (1) The first set of parameters specifies the size of the unit,
the plant, and the typical number of units per plant. (2) The second set specifies the percentage
allocations of direct construction expenditures for Code of Accounts (COA) 21-25; see EMWG
(2007). Because these percentages are assumed the same for both ALWRs and SMRs, the cost of
the reactor is the same proportion of direct costs for both technologies. (3) The third set of
parameters specifies rates to transform direct costs into overnight costs, where a 15%
contingency implies a “Detailed Estimate.” (Contingency was included in the observations on
costs in Section 2.3, therefore the contingency here is associated with the uncertainty of building
the same technology at a different site; note this upwardly biases the cost of construction.) (4)
The fourth set of parameters specifies how smaller reactor costs are related through scale
economies to larger reactor costs, design simplification, and the possible cost savings from serial
production of SMRs. (5) The last set of parameters levelizes capital costs over MWh.
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Table 2.8.1: Parameters for New Nuclear Construction Cost Calculations

Levelized Capital Cost Parameters SMR

Value
Construction Lead Time in months, It 35
Unit net capacity in MWe 180
Number of units 2
Plant net capacity in MWe, MW 360
COAZ21: Site Improvements and Structures 20%
COA22: Reactor (and Steam Generator) 40%
COAZ23: Turbine Generator and Condenser 25%
COAZ24: Electrical Equipment 10%
COAZ25: Cooling System and Misc. Equip. 5%
Indirect Rate, in 10%
Owners Cost (licensing), fee $200M
Owners Cost (administration), OWN — fee 5%
Contingency, C,, 15%
Scale Economies Parameter, S 90%
Simplified Design Parameter, s 85%
Savings from Serial Economies, ser 90%
Average Capacity Factor, CF 88.5%
Depreciation life (years), T 40

Table 2.8.2 presents expected (deterministic) construction costs for SMRs. Table 2.8.3
presents expected (deterministic) levelized costs for SMRs for costs of capital of 3%, 5%, 7.5%,
and 10%. At a cost of capital of 7.5%, the levelized cost of a SMR is estimated to be about
$80.29/MWh. This assumes that the design has 15% (1 — s) less equipment than would be
expected with an ALWR (off-setting the scale “penalty,” S) and that the manufacturer is able to
reduce direct costs by 10% through factory production (1 — ser). At a WACC of 5%, levelized
costs are about 19% less. At a WACC of 10%, levelized costs are about 21% more. This shows
the importance of the cost of capital in determining the competitiveness of SMRs, and hence the
importance of understanding uncertainties in SMR construction cost.

Monte Carlo simulations were performed using these parameters and density functions
from Section 2.1 to Section 2.7 with the software program @RISK for various costs of capital,
Palisade (2013). Figure 2.8.1 presents the resulting simulated levelized cost of electricity for
SMRs at a cost of capital of 7.5%, fitted to a lognormal density. With this density the simulated
levelized costs of SMRs, LCgur, cannot be below $35.06/MWh with a mean of $81.04/MWh (=
$45.98/MWh + $35.06/MWh), which is $0.75/MWh greater than the deterministic mean, a
difference due to the asymmetries in the underlying cost-driver probability distributions. Figure
2.8.2 examines the impact of changes in the cost of capital on the cumulative cost distributions.
The next section compares these cost expectations with those of natural gas CCGTs and coal-
fired power plants.
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Table 2.8.2: Construction and Operating Costs for SMR (all values in 2013 dollars)

Levelized Construction Cost SMR
Net Electrical Capacity 360
Size of Power Unit 180
Number of Power Units, N 2
Site Improvements and Structures $172M
Reactor and Steam Generator $429M
Turbine Generator, and Condenser $268M
Transformer and Elec. Equipment $107M
Cooling System and Misc. Equipment $54M
Direct Costs, DIR, $/kW $1,031M
Indirect Costs, INDIR, 10% $103M
Owner's Cost, OWN $252M
BASE Overnight Cost $1,385M
Contingency, $208M
Overnight Cost, OC $1,593M
Overnight Cost $/kW $4,426
Interim Storage per MWh $0.85
Long-Term Disposal per MWh $1.00
Number of Employees 317
Labor Costs $25.33M
Insurance + Misc. Costs $18.47TM

Table 2.8.3: Levelized Costs for SMR at WACC of 3%, 5%, 7.5%, and 10%

Levelized Capital Cost SMR SMR SMR SMR
Weighted Average Cost of Capital 3.0% 5.0% 7.5% 10.0%
Interest During Construction factor 4.4% 7.4% 11.3% 15.2%
Interest During Construction, IDC $71M $119M $180M $242M
KC, Total Construction Costs $1,664M $1,712M  $1,773M $1,835M
KC ($/kW) $4,622 $4,755 $4,925 $5,098
Annual D&D Contribution $5.52M $5.68M $5.88M $6.09M
Fuel Cost ($/kg) $2,586 $2,657 $2,750 $2,836
Fuel Cost per MWh $9.66 $9.92 $10.26 $10.59
Levelized Capital Cost + D&D Cost $27.74 $37.75 $52.50 69.37
Levelized O&M Costs $15.68 $15.68 $15.68 $15.68
Levelized Fuel Cost + Waste Fees $11.51 $11.77 $12.11 $12.44
LC, Levelized Cost $54.93 $65.20 $80.29 $97.49
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Figure 2.8.1: SMR Levelized Cost, Simulated, Fitted to a Lognormal Density (r = 7.5%)

Lognormal[ $45.98, $11.00, Shift($35.06)], Mean = $81, Median = $80, Mode = $77.50
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Source: Figures 2.4.1,2.4.2,2.5.2,2.5.3,2.6.1,and 2.7.1, and Tables 2.5.1 and 2.8.1

Figure 2.8.2: SMR Levelized Cost, Simulated Cumulative Distributions
(r = 3%, 5%, 7.5%, and 10%)
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Section 3: The Levelized Cost of Electricity of Fossil-Fired Generators

Section 3 models the levelized cost of electricity for fossil-fired power plants based on
US Energy Information Administration, EIA, generation cost assumptions and EIA price data.
Two issues must be discussed before assessing fossil-fired electricity generators: (1) the price
and cost of a tonne of carbon dioxide, and (2) the capacity factor of the generating units.

First, MIT (2009) assumed a CO; fee of $25 per metric tonne of CO,, tCO,, as in most
U.S. energy-economic analyses during the past decade (due to early empirical experience with
the European Union Emissions Trading Scheme “cap-and-trade” market before the financial
crisis of 2008). But the cost of CO, (as opposed to the price of CO,) is unknown. Therefore, it is
modeled with a wide (and skewed) probability distribution: lognormal($25, $15). Figure 3.1.1
presents this density: 90% of the time the cost of (or damages from) tCO, could be between
$8.60/tCO, and $52.64/tCO,, with 99% above $1.55/tCO, and 99% below $77.88/tCO, (in
500,000 iterations).

Figure 3.1.1: CO, $/tonne Cost, Simulated with Lognormal Density

Lognormal( $25, $15), Mode = $16, Median = $21, Mean = $25, Min = $2, Max = $100

5.0% 90.0% 5.0%
4.9% 89.8% 5.3%
$8.60/tonne $52.64/tonne

* *
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Source: $25 mean from MIT(2009) with lognormal density and SDev = $15, compare with
Nordhaus (2011) Figure 5

Second, while capacity factors for nuclear power plants are easy to find and easy to
interpret, it is because most U.S. plants are running as base-load, are approximately the same
size, and approximately the same vintage, this is not the case in natural gas and coal plants. In
EIA database, there are no capacity factors calculated specifically for CCGTs and there are no
capacity factors calculated for old and new coal plants. Figure 3.1.2 presents the capacity factors
for base-load coal plants fitted to an extreme value function. These are employed in simulation of
both coal and natural gas capacity factors.
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Figure 3.1.2: U.S. Fossil-Fired Plant Capacity Factors,
Fitted to an Extreme Minimum Value Density

ExtremeValue, minv( 69%, 4%), Mean = 66.8%, SDev = 5%, Min = 59.2%, Max = 73.7%
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Source: http://www.eia.gov/totalenergy/reports.cfm?t=182
Section 3.1: The Levelized Cost of Electricity of Natural Gas CCGTs

Table 3.1.1 presents costs for CCGTs from US EIA’s “Assumptions to the Annual
Energy Outlook” (2009—-2013) and MIT (2009). The first column gives the reference where EIA
data can be found (AEO refers to the Annual Energy Outlook, published each year by the US
Energy Information Administration, see, for example, US EIA 2013). The cost data are given in
real dollars of the year indicated, which is usually two years before the publication date of the
AEO. Since 1995, the EIA has reported 400 MW as a standard size of an “advanced gas/oil
combined cycle,” CCGT. However, MIT (2009) assumes a 1,000 MW CCGT to be compatible
with the size of a single nuclear power unit and a coal plant in its analysis. The lead time, LT (in
years) is compatible with the IAEA standard of defining the construction period from the time of
first concrete to commercial operation. The next four columns give overnight (from the AEO in
the dollars of the year indicated and in 2013 dollars), variable, and fixed costs for CCGTs. The
last column gives the heat rate in British thermal units (btu) per kilowatt-hour. However, there
are no assumed fuel prices in EIA AEO. Fuel prices are determined by the National Energy
Modeling System, NEMS, which equilibrates all energy prices and markets based on the AEO
assumptions.

Table 3.1.1: US EIA Annual Energy Outlook Assumptions for NEMS, CCGT

Source: CCGT CC | CccGT CCGT CCGT CCGT CCGT
EIA, Year GT oC oC Variable  Fixed Heat
" Assumptions Dollars | Size LT | $kwW  2013$/kw | 2013% 2013$ Rate

for the ..." $ MW /MWh /KW | BTU/KWh
AEO 2009, Table 8.2 2007 | 400 $947 $1,079 $2.28 $13.33 6,752
AEO 2010, Table 8.2 2008 | 400 $968 $1,059 $2.23 $13.09 6,752

y
3
3
AEO 2011, Table 8.2 2009 | 400 3 $917 $972 $3.26 $15.31 6,333
3
3
2

AEO 2012, Table 8.2 2010 | 400 $1,003 $1,055 $3.27 $15.37 6,430
AEO 2013, Table 8.2 2011 | 400 $1,006 $1,037 $3.31 $15.55 6,333

MIT (2009, p. 18-22) 2007 | 1,000 $850 $968 $0.47  $26.20 | 6,800
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To forecast fuel prices, Figure 3.1.3 presents three natural gas price series: (1)
interpolated monthly Texas natural gas prices (from annual data) for electric utilities from 1970
to 2012 from the US EIA’s “State Energy Data System,” SEDS; (2) the monthly U.S. natural gas
“wellhead price” from 1977-2014; and (3) monthly “Henry Hub” spot market prices in Louisiana
from 1994-2014. Figure 3.1.3 shows the natural gas market experienced at least four price
spikes in the last decade. (Prices to electric utilities are a few dollars higher than wellhead and
Henry Hub prices due to transmission charges.) Figure 3.1.4 presents a histogram and fitted
probability density for the SEDS/TX prices in Figure 3.1.3. The data and the density show a
skewed distribution with a mode of $3.68/Mbtu, a median of $4.34/Mbtu, and a mean of
$4.71/Mbtu with a standard deviation of $2.25/Mbtu.

Figure 3.1.3: Natural Gas Prices, 2013$/Mbtu, 1970-2014
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Sources: http://www.eia.gov/state/seds/seds-data-fuel.cfm?sid=US;
http://www.eia.gov/dnav/ng/hist/n9190us3m.htm; and
http://research.stlouisfed.org/fred2/series/GASPRICE/downloaddata?cid=98

Table 3.1.4 presents the calculation of levelized cost for natural-gas-fired electricity
assuming costs of capital of 3%, 5%, 7.5%, and 10% compared with MIT (2009) updated to
2013 dollars. (Entries with probability densities are in italic.) In addition, in Table 3.1.2 the price
of natural gas was increased from the assumed value in MIT (2009) of $3.50/Mbtu in 2007
dollars to $4.27/Mbtu in 2013 dollars (see last column). The second to last column shows
LCccer for the MIT model assuming the same average fuel price in the middle columns of Table
3.1.4. Also, the capacity factor for CCGTs is assumed to be equal to that of base-loaded coal
plants, as discussed above.
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Electricity Generating Portfolios with SMRs v.20
Figure 3.1.4: Texas Electric Utility Natural Gas Prices, SEDS 19702012,
Fitted to an Extreme Value Density

Extreme Value, maxv($3.69, $1.75), Mean = $4.71, SDev = $2.25, Mode = $6.41

5.0% 90.0% 5.0%

2.7% 89.3% 8.0%

$1.44 $8.05
Sources: http://www.eia.gov/state/seds/seds-data-fuel.cfm?sid=US;
Table 3.1.2: Levelized Cost for New Natural Gas Generation (2013 dollars)
Combined Cycle Gas Turbine (CCGT) (8] (2 3) 4) MIT MIT
Levelized Cost CCGT | CCGT | CCGT | CCGT | CCGT | CCGT
All values in 2013 dollars r= 3.0% 5.0% 7.5% 10.0% 7.8% 7.8%
Net Electrical Capacity MWe 400 400 400 400 1,000 1,000
Average Capacity Factor % 67% 67% 67% 67% 85% 85%
Plant depreciation life Years 40 40 40 40 40 40
Construction Lead Time Years 3 3 3 3 2 2
Base Overnight Cost $/kw $960 $960 $960 $960 $896 $896
Contingency (from EIA) % 8% 8% 8% 8% 8% 8%
Total Overnight Cost $/kw $1,037 | $1,037 | $1,037 | $1,037 $968 $968
Interest During Construction factor % 4.4% 7.5% 11.3% 15.2% | 7.55% 7.55%
KC per kW with IDC $/kw $1,083 | $1,114 | $1,154 | $1,195 $968 $968
KC, Total Capital Investment Cost $M $433 $446 $462 $478 $968 $968
Fuel Price ($/GJ = 0.948 x $/Mbtu) $IMBTU | $4.71 | $471 | $471 | $471 | $4.71 | $4.27
CO2 Price ($/tonne) $/tonne $25.00 | $25.00 | $25.00 | $25.00 | $25.00 | $25.00
CO2 per MWh (“carbon intensity factor") t/MWh 0.336 0.336 0.336 0.336 0.361 0.361
Heat Rate (from EIA, 2013) BTU/KWh 6,333 6,333 6,333 6,333 6,800 6,800
Variable O&M $/MWh $3.31 $3.31 $3.31 $3.31 $0.47 $0.47
Fixed O&M + Incremental Capital Costs $/KW $15.55 | $15.55 | $1555 | $1555 | $26.20 | $26.20
Levelized Capital Cost $/MWh $8.01 | $11.10 | $15.67 | $20.89 | $10.66 | $10.66
Levelized O&M Cost $/MWh $5.97 $5.97 $5.97 $5.97 $3.99 $3.99
Levelized Fuel Cost $/MWh $29.80 | $29.80 | $29.80 | $29.80 | $32.00 | $29.04
Levelized Fuel CO2 Cost $/MWh $8.41 $8.41 $8.41 $8.41 $9.03 $9.03
Levelized Cost without CO2 cost $/MWh $43.78 | $46.87 | $51.43 | $56.65 | $46.64 | $43.68
Levelized Cost with CO2 cost $/MWh $52.18 | $55.27 | $59.84 | $65.06 | $55.67 | $52.71
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For natural gas CCGT, Figure 3.1.5 presents the cumulative probability distributions for
Monte Carlo simulations without and with a $25/tCO, fee at real costs of capital of 5% and
7.5%. Because of the high number of price spikes in the natural gas price data, the cumulative
(extreme value) distributions for LCcct have long tails.

Figure 3.1.5: CCGT Levelized Cost, Simulated Cumulative Distributions (r = 5%, 7.5%)
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Sources: Figures 3.1.1, 3.1.2, 3.1.4, and Table 3.1.2
Section 3.2: The Levelized Cost of Electricity of Coal-Fired Steam Turbines

Table 3.2.1 presents coal-fired power plant costs from US EIA’s “Assumptions to the
Annual Energy Outlook” and coal assumptions and costs from MIT (2009). (See discussion of
Table 3.1.1 for definitions.) Figure 3.2.1 presents delivered coal price data from (1) the US EIA’s
“State Energy Data System” from 1970-2012, and (2) monthly U.S. average monthly sub-
bituminous coal from 1990-2014. Figure 3.2.2 presents a histogram and fitted probability density
for the SEDS/TX annual prices from Figure 3.2.1. The data and the density show a skewed
distribution with a mode of $1.90/Mbtu, a median of $2.03/Mbtu, and a mean of $2.13/Mbtu
with a standard deviation of $0.93/Mbtu.

Table 3.2.1: US EIA Annual Energy Outlook Assumptions for NEMS, Coal, 2013 dollars

Source: Coal Coal Coal Coal Coal Coal Coal
EIA, Year ocC ocC Variable Fixed Heat
"Assumptions Dollars| Size LT | $/kWe 2013%/kWe | 2013% 2013% Rate
for the ..." $ MW y kW kW BTU/KWh
AEOQ 2009, Table 8.2 2007 600 4 $2,058 $2,344 $5.23 $31.36 9,200
AEO 2010, Table 8.2 2008 600 4 $2,223 $2,433 $5.13 $30.80 9,200
AEOQ 2011, Table 8.2 2009 | 1,300 4 $2,809 $2,979 $4.45 $31.08 8,740
AEOQ 2012, Table 8.2 2010 | 1,300 4 $2,844 $2,991 $4.47 $31.20 8,800
AEO 2013, Table 8.2 2011 | 1,300 4 $2,883 $2,969 $4.52 $31.56 8,740
MIT (2009, p. 18-22) 2007 | 1,000 4 $2,300 $2,620 $4.07 $58.09 8,870
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Figure 3.2.1: Interpolated Texas and U.S. Coal Prices, 2013 dollars/Mbtu, 1970-2014
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Sources: http://www.eia.qov/state/seds/seds-data-fuel.cfm?sid=US
http://www.eia.gov/electricity/monthly/pdf/epm.pdf

Figure 3.2.2: Texas Electric Utility Coal Prices, SEDS 1970-2012,
Fitted to an Extreme Value Density

Extreme Value( $1.76 $0.72), Mean = $2.15, Mode = $1.90, SDev = $0.72
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Sources: http://www.eia.gov/state/seds/seds-data-fuel.cfm?sid=US
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Table 3.2.2 presents the calculation of levelized cost for coal-fired electricity assuming
costs of capital of 3%, 5%, 7.5%, and 10% compared with MIT (2009) updated to 2013 dollars.
Simulating the price of coal, Figure 3.2.3 presents the cumulative probability distributions with
and without a $25/tCO, fee with a real cost of capital of 7.5%. These coal-fired levelized cost
probability distributions are compared with those for SMRs and CCGTs in Figure 3.2.4.

Table 3.2.2: Real Levelized Cost for New Coal-Fired Generation (2013 dollars)

Coal with Scrubbers (1) 2 3) 4 MIT MIT
Levelized Cost COAL | COAL | COAL | COAL | COAL | COAL
All values in 2013 dollars r= 3.0% 5.0% 7.5% 10.0% 7.8% 7.8%
Net Electrical Capacity MWe 1,300 1,300 1,300 1,300 1,000 | 1,000
Average Capacity Factor % 67% 67% 67% 67% 85% 85%
Plant depreciation life Years 40 40 40 40 40 40
Construction Lead Time Years 4 4 4 4 4 4
Base Overnight Cost $/kw $2,775 | $2,775 | $2,775 | $2,775 | $2,078 | $2,078
Contingency (from EIA) % 7% 7% 7% 7% 7% 7%
Total Overnight Cost $lkw $2,969 | $2,969 | $2,969 | $2,969 | $2,223 | $2,223
Interest During Construction factor % 6.0% 10.2% 15.5% 21.0% | 16.2% | 16.2%
KC per kW with IDC $/kw $3,148 | $3,271 | $3,430 | $3,593 | $2,583 | $2,583
KC, Total Capital Investment Cost $M $4,092 | $4,252 | $4,459 | $4,671 | $2,583 | $2,583
Fuel Price ($/GJ = 0.948 x $/Mbtu) $/Mbtu $2.18 $2.18 $2.18 $2.18 $2.18 | $1.46
CO2 Price ($/tonne) $/tonne $25.00 | $25.00 | $25.00 | $25.00 | $25.00 | $25.00
CO2 per MWh (“carbon intensity factor") t/MWh 0.827 0.827 0.827 0.827 0.839 | 0.839
Heat Rate (from EIA, 2013) BTU/kWh | 8,740 8,740 8,740 8,740 8,870 | 8,870
Variable O&M $/MWh $4.52 $4.52 $4.52 $4.52 $4.07 $4.07
Fixed O&M + Incremental Capital Costs $/kW $31.56 | $31.56 | $31.56 | $31.56 | $58.09 | $58.09
Levelized Capital Cost $/MWh $23.28 | $32.59 | $46.56 | $62.82 | $28.45 | $28.45
Levelized O&M Cost $/MWh $9.92 $9.92 $9.92 $9.92 $11.86 | $11.86
Levelized Fuel Cost $/MWh $19.07 | $19.07 | $19.07 $19.07 | $19.35 | $12.99
Levelized Fuel CO2 Cost $/MWh $20.67 | $20.67 | $20.67 | $20.67 | $20.98 | $20.98
Levelized Cost without CO2 cost $/MWh $52.26 | $61.57 | $75.54 | $91.80 | $59.66 | $53.30
Levelized Cost with CO2 cost $/MWh | $72.93 | $82.24 | $96.21 | $112.47 | $80.64 | $74.27
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Figure 3.2.3: Coal Levelized Cost, Simulated Cumulative Distributions (r = 5%, 7.5%0)
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Figure 3.2.4: SMR, Natural Gas, and Coal Levelized Costs,
Simulated Cumulative Distributions without and with a CO, Fee
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Section 4: A Probabilistic Analysis of Portfolios of Electricity Generating Assets

While the simulations in Figure 3.2.4 are interesting, without an explicit understanding of
who is choosing among these technologies and how these decision makers value the trade-off
between levelized cost and the standard deviation of levelized cost, there is no obvious choice,
because no technology stochastically dominates the others (when the cost of carbon dioxide is
taken into account). In earlier times (and still in some states of the U.S.), the choice of which
technology to build was determined through the interaction of the electric utility regulator
(representing the rate payers) and the power plant owner-operators, who enjoyed a monopoly in
electricity provision in their regulated territory. More recently, in half the U.S., an electricity
market is guiding the choice of electricity generation technology.

Figure 4.1.1: Electricity Prices in Texas ERCOT/TRE, 1990-2013
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Figure 4.1.1 presents the average industrial price of electricity in Texas between 1991
and 2013 with a mean of $74.17/MWh and a standard deviation of $11.83/MWHh. (This mean is
used below to evaluate the competitive feasibility of portfolios of generating assets.) After
electricity market deregulation in Texas, electricity prices closely followed the levelized costs of
generating electricity with natural gas. The four natural gas price spikes (in Figure 3.1.3) led to
two electricity price spikes near spike Il (September-December 2005) and spike 1V (June 2008),
both were offset by lower coal prices. The contagion of price volatility can be seen in Figure
4.1.1, where the red line transforms Henry Hub natural gas into electricity at levelized cost,
LC(CCGT), the blue line is the levelized cost of coal, LC(COAL), and the purple line is the
average price of electricity in Texas, PgLec (minus $25 to minimize the distance between the red
and purple lines to show how the two series move together).
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Since the mid-1990s, some areas have deregulated and hence the default decision maker
is the power plant investor competing in a wholesale electricity market. Under regulation, a
portfolio of generating assets emerged over generations of rate payers. (See Jansen, Beurskens,
and Tilburg, 2006, for a theoretical treatment of this topic.) Under liberalized markets merchant
generators select technologies that maximize profits, and rate payers accept the risk of volatile
electricity prices. With electricity market liberalization and a general decline in the price of
natural gas, there has been a “dash to gas,” because natural gas has generally been the marginal
producer, and hence, the price setter. By dashing to natural gas, investors minimize their revenue
risk. But this dash has increased natural gas demand and has created bottlenecks where natural
gas pipelines constrain the flow of natural gas into some regions of the U.S., such as California.

What is absent is the basic tenant of modern finance theory: diversification reduces risk
for each level of return. Here, a diversification of generating assets could reduce levelized cost
risk at each value of levelized cost. However, transferring the accepted wisdom from financial
markets to electricity markets is not straightforward. In financial markets, stocks, bonds, and
derivatives can be purchased in small chunks and mixed to form an optimal portfolio for each
investor. Real estate can be included through investments in Real Estate Investment Trusts and
gold can be included through investments in gold mining corporations. Hence, an optimal
portfolio need not contain anything “real,” as in real property.

On the other hand, electricity generating assets are real and bulky. For example, the
standard size of a combined-cycle natural gas turbine unit is about 400 MW, the standard size of
a coal power unit with modern air pollution equipment is about 600 MW, an advanced light
water nuclear power unit is about 1,200 MW, and small modular light water reactors, now under
development, are 45 to 180 MW per unit, or about 400 MW per plant.

Also, because of regulatory restrictions by the Securities and Exchange Commission, the
Federal Energy Regulatory Commission, the Environmental Protection Agency, the Nuclear
Regulatory Commission, state and local water commissions, local property owners with stakes to
drive into any electricity generation project, owner-operators find it difficult to manage these
bulky assets to produce both (1) outputs and (2) revenues to pay bankers and investors. Also,
because of the necessity of providing “uninterruptable” electric power, the generating portfolio
must meet all demand (load) at all times, e.g., during heat waves and polar vortexes.

A rule of thumb is that no single generating asset should be larger than 10% of the
connected transmission grid; therefore, one needs either (1) a minimum system size composed of
natural gas-fired units and/or SMRs of 4,000 MW (if no single unit is greater than 400 MW or
10% of the grid size); or (2) a minimum system size composed of natural gas-fired or coal-fired
units and/or SMRs of 6,000 MW (if no single unit is greater than 600 MW). Of course, smaller
systems could be built at higher delivered power prices; at the limit, “distributed” systems can be
built of any size, provided that backup power is available. However, because of the integer
divisibility of the 6,000 MW systems with 400 MW plants, a system of 6,000 MW is considered
here to be the minimum standard system (maximum dependable electricity generating capacity)
for adding SMRs.
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Section 4.1: A Portfolio of Fossil-Fired Electricity Generating Assets

Given that generating assets are discrete and that the portfolio’s levelized cost and
variance will be equal to a weighted sum of the underlying assets’ levelized costs, variances, and
correlations (see Equation A2.6 and Equation A2.7 in the Appendix). Table 4.1.1 presents the
results of simulating portfolios of 6,000 MW. These results are plotted in Figure 4.1.2. The
minimum standard deviation is achieved with a portfolio of one-half coal-fired units (here, 10
units) and one-half natural gas-fired units (here, 15 units). (Compare with Table A2.4.) Because
of the low correlation between natural gas and coal prices, combining coal-fired units with
natural gas-fired units lowers the variance of the levelized cost of electricity. (Natural gas and
coal prices are positively correlated at 35% for data in Figure 3.1.4 and Figure 3.2.2; natural gas
and uranium prices are barely correlated at 4%; and coal and uranium prices are negatively
correlated at —20%.) In the simulations of LC, LCccer and LCcoaL are correlated at positive
30%, but LCspmr is uncorrelated with either LCccot 0r LCcoar.) Some portfolios (in red in Table
4.1.1) yield levelized costs above $74/MWh and are, therefore, inadvisable. (Although the price
of electricity is itself a randomly distributed variable, particularly across states in the U.S., the
average electricity price should not be considered a “red line,” but more like a “guideline.”)

Also, Table 4.1.1 presents sums of levelized cost, LC, plus various multiples of the
simulated standard deviation, SD, where the multipliers are from Table Al.1. Holding the risk
aversion parameter to 1, the multipliers increase with the requirement of higher levels of
confidence (80% to 99%) in the cost estimate and with larger accuracy ranges (i.e., with less well
developed cost estimates).

Values in bold are the minimum values in each row. For example, the lowest levelized
cost, LC, is $60 with an all-CCGT system, but the system that yields the lowest standard
deviation, SD, is one with half CCGT and half coal. The lowest LC plus one SD through three
SD points to all-CCGT systems. However, as multiples increase, the no-regrets strategy appears
to be 70% CCGT with 30% COAL with a SD that is 19% lower than the all-CCGT system, i.e.,
one-third coal capacity stabilizes the levelized cost volatility associated with natural gas prices.
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Table 4.1.1: Portfolios of Natural Gas and Coal-Fired Units
TOTAL 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6000 6,000 6,000
CCGT 6,000 5400 4,800 4,200 3,600 3,000 2400 1,800 1,200 600 0
COAL 0 600 1,200 1,800 2,400 3,000 3,600 4,200 4,800 5,400 6,000
LC $60.0  $636  $67.3 $71.0 $746 $78.3 $82.0 $856 $89.3 $92.9 $96.0
SD $152  $142  $134  $128 $125 $124 $126 $13.1 $13.7 $146 $15.7
LC+SD $75 $78 $81 $84  $87 $91  $95  $99  $103  $108  $112
LC+2SD $90 $92 $94 $97 $100 $103 $107 $112  $117  $122  $127
LC+3SD | $105.6  $106.3 $108  $109 $112  $116 $120 $125 $130  $137  $143
LC+4SD $121 $120 $121  $122 $125 $128 $132 $138  $144  $151  $159
LC+5SD $136 $135 $134  $135 $137  $140 $145 $151 $158 $166  $174
LC+6SD $151 $149  $147.8  $148 $150 $153  $158  $164  $172  $181  $190
LC+7SD $166 $163 $161  $161 $162 $165 $170 $177 $185 $195  $206
Figure 4.1.2: Portfolios of Natural Gas and Coal-Fired Generating Assets
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Section 4.2: Adding SMRs to a Portfolio of Fossil-Fired Electricity Generating Assets

Table 4.2.1 adds SMR plants of 400 MW to a portfolio of all CCGTs. The standard
deviation of the portfolio continues to decrease with the addition of SMRs, as shown in Figure
4.2.1. Some portfolios (in red in Table 4.2.1) yield levelized costs above $74/MWh and are,
therefore, inadvisable, i.e., an all-SMR system appears to be too expensive at this time. On the
other hand, a portfolio of one-third CCGTs and two-thirds SMRs appears to have the lowest
standard deviation of levelized cost. Because of the lack of correlation between SMRs and fossil-
fired units, adding SMRs decreases the cost riskiness of the portfolio.

Table 4.2.1: Portfolios of CCGTs and SMRs (not all columns presented)

TOTAL 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000

CCGT 6,000 5,200 4,400 3,600 3,200 2,800 2,400 2,000 1,600 800 0
SMR 0 800 1,600 2,400 2,800 3,200 3,600 4,000 4,400 5,200 6,000
LC $60.0 $62.8 $65.6 $68.4  $69.8 $71.2 $72.6 $740 $754 $782  $81.0
SD $152 $132 $115 $10.1 $9.6 $9.2 $8.94 $8.87 $9.0 $9.7 $10.9

LC+SD $75.2 $76.0 $77.1 $785 $794 $80.4 $81.6 $829 $844 $879  $92.0
LC+2SD $90.3 $89.3 $88.64 $88.61  $88.9 $89.6 $90.5 $91.8 $934 $97.6 $102.9
LC+3SD $106  $103 $100 $99 $98 $99 $99  $101 $102  $107 $114
LC+4SD $121  $116 $112 $109 $108.1 $107.9  $108  $110 $111  $117 $125
LC+5SD $136  $129 $123 $119 $118 $117  $117  $118 $120  $127 $136
LC+6SD $151  $142 $135 $129 $127 $126  $126  $127 $129  $136 $147
LC+7SD $166  $155 $146 $139 $137 $135  $135  $136  $138  $146 $158

Figure 4.2.1: Portfolios of SMR and Natural Gas Generating Assets
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Table 4.2.2 adds SMRs to a portfolio of 70% CCGTs and 30% coal capacity: first
replacing coal capacity, then replacing CCGTs. There is a dramatic reduction in both the
levelized cost and the standard deviation of levelized cost with the replacement of coal units with
SMRs. Once coal is replaced, SMRs can still reduce cost risk by replacing CCGTs, following the

same path to the same point of two-thirds SMRs and one-third CCGTs as in Figure 4.2.1.

Table 4.2.2: Portfolios of Fossil-Fired Units and SMRs (not all columns presented)

TOTAL 6,000 6,000 | 6,000 | 6,000 6,000 6,000 6,000 6,000 | 6,000 | 6,000
CCGT 4,200 4,200 | 4,200 | 4,000 3,200 2,800 2,400 2,000 | 1,600 0
COAL 1,800 1,000 200 0 0 0 0 0 0 0
SMR 0 800 | 1,600 | 2,000 2,800 3,200 | 3,600 4,000 | 4,400 | 6,000
LC $70.97 | $68.89 | $66.82 | $67.00 | $69.81 | $71.21 | $72.62 | $74.02 | $75.43 | $81.04
SD $12.89 | $11.79 | $11.19 | $10.75 $9.56 $9.17 | $8.93 $8.88 | $8.99 | $11.00
LC+SD $84 $81 $78 | $77.8 $79 $80 $82 $83 $84 $92
LC+2SD $97 $92 $89 | $88.5 $89 $90 $90 $92 $93 $103
LC+3SD $110 $104 $100 $99 $98.5 $99 $99 $101 $102 $114
LC+4SD $123 $116 $112 $110 $108 | $107.9 $108 $110 $111 $125
LC+5SD $135 $128 $123 $121 $118 | $117.0 $117 $118 $120 $136
LC+6SD $148 $140 $134 $132 $127 | $126.2 | $126.2 $127 $129 $147
LC+7SD $161 $151 $145 $142 $137 $135 | $135.1 $136 $138 $158

Figure 4.2.2: Portfolios of Natural Gas, Coal-Fired, and SMR Generating Assets
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This analysis would suggest that the cost-risk-minimizing path for minimizing CO;
emissions while maintaining competitive electricity prices in a medium-sized electricity system
(6,000 MW) would be to first replace coal units (that have not already been replaced with natural
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gas units) with nuclear units. Then continue to replace natural gas units with nuclear power units
until an trade-off is achieved between the long-run stability of nuclear power costs and the short-
run cheapness of natural gas, i.e., replace CCGTs with nuclear units as the price of natural gas
rises to international equilibrium prices.

Section 5: Summary and Conclusions

This paper has extended the “Levelized Cost of Electricity” literature by showing that
there is no “best” levelized cost, but a probability distribution of levelized costs as a function of
underlying randomly-distributed cost drivers and assumed parameters. It has modelled these
probability distributions for Small Modular (Light Water) Reactors, combined-cycle natural gas
turbines, and coal-fired steam-electric units with advanced pollution control equipment.

To limit the complexity of the analysis, this paper restricted the class of probability
densities to those in the “normal” family and to those that have closed-form distribution
functions. After empirically estimating these probability densities, it simulated levelized costs in
portfolios of base-load generating assets.

In a portfolio of fossil-fired assets, this paper found that the diversity in the combination
of two-thirds natural gas and one-third coal assets minimized the standard deviation of levelized
cost while remaining competitive. This result is a function of two facts: (1) the levelized cost of
electricity for natural gas (with or without carbon prices) is less than the cost of coal, and (2) the
price of natural gas is not highly correlated with the price of coal, hence coal helps stabilize the
levelized cost of electricity during price spikes in the cost of natural gas and bottlenecks in
natural gas transmission. Further, because there is little cost covariance between fossil-fired
generators and SMRs, adding SMRs reduces the standard deviation of the fossil portfolio, and as
risk aversion increases, the role of SMRs in generation portfolios becomes more valuable. To
reduce the unknowns associated with carbon emissions and to reduce the volatility of electricity
prices, electric utilities, and their investors and financiers, should consider adding new nuclear
power to their unnaturally gas-heavy (CH4 and CO,) generating assets.

Finally, the analysis showed that the cost-risk reducing path for minimizing electricity
cost risk and CO, emissions while maintaining competitive electricity prices in a medium-sized
electricity system would be to first replace coal units with nuclear units, then replace natural gas
units as the price of natural gas rises.

Therefore, encouraging nuclear power plant construction in the U.S. to achieve clean
emissions standards should focus on reducing the cost of capital and the risks of building new
nuclear. Reducing the cost of construction is the responsibility of the builder (“on time and on
budget”), the owner (by diversifying generation assets), the operator (with high safety and
reliability), the federal government (by creating programs similar to those in the Energy Policy
Act of 2005 to overcome capital market failures), and Wall Street (through becoming familiar
with new nuclear technology). With these forces aligned, in the next two decades, the U.S. could
build an SMR manufacturing industry on a foundation of the world’s most successful Nuclear
Navy, replace retiring fossil-fired and nuclear plants with small passively-safe reactors, and
provide a basis for rapidly reducing U.S. greenhouse gas emissions.
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Appendix A: Risk, Uncertainty, and Diversification in Portfolios

This appendix explores the quantification of risk premiums in the evaluation of
uncertainty in cost drivers associated calculating the levelized cost of electricity. Section Al
presents the microeconomics of risk aversion and the relationship between cost uncertainty and
cost contingency, as discussed in Section 2.2. Section A2 shows how to calculate the mean and
variance (or standard deviation) of a portfolio of financial equities, as discussed in Section 4.

Section A.1: Risk Aversion, Risk Premiums, and Cost Contingency

The standard deviation of the cost estimate, o, is a measure of cost estimate uncertainty.
For a cost estimate with a normal distribution, about 68% of the probability is between plus and
minus one standard deviation (+ o) of the mean. Determining the proper contingency for the
expected cost estimate is a function of this uncertainty and the decision maker’s aversion to
uncertainty. But the cost engineering literature neglects the decision maker’s risk aversion.

The economic theory of risk aversion is well developed and can be applied to the
problem of calculating levelized cost contingency. The theory focuses on how to determine how
much compensation (or risk premium) a decision maker requires before accepting a risky
proposition. To describe how investors evaluate risk, economics analyzes how decision makers
choose between uncertain alternatives. Microeconomic theory assumes that consumers (or
investors) purchase goods and services (or financial instruments) to maximize their “utility” or
“welfare.” See Copeland, Weston, and Shastri (2005) for a more extensive discussion.

The question addressed by economists is how decision makers (individuals, firms,
governments, and societies) rank different levels of wealth that might result from choosing
among risky alternatives. These choices are modeled by assuming a “welfare” function: W(Q),
where Q represents the decision maker’s net present wealth. The welfare function must be such
that if Q; > Q,, then W(Q;) > W(Q,). But if Q; and Q, were both uncertain, as they would be if
wealth involved financial instruments (or electricity generating assets), then how would decision
makers compare uncertain outcomes? First, the expected value of wealth is the sum of all the
possible values of wealth times the probability of each value. This is expressed as the mean (the
probability-weighted average) of wealth. While the estimate of this mean has a standard error, it
has a certain, specific value. Thus, while Q is uncertain, its expected value, E(Q), is considered
certain. Second, the attitude toward uncertainty can be described in terms of the relationship
between (1) the welfare of the expected value of the certain outcome, W[E(Q2)], and (2) the
expected welfare of the uncertain outcome, E[W(<Q)].

To describe risk averse behavior, consider the following definitions:

if WE(Q)] > E[W(Q)], then decision makers are “Risk Averse,” i.e., they have higher levels
of welfare with more certainty;

if WE(QQ)] = E[W(Q)], then decision makers are “Risk Neutral,” i.e., they are indifferent
toward uncertainty; or

if WIE(Q)] < E[W(Q)], then decision makers are “Risk Preferring,” i.e., they have lower
levels of welfare with more certainty.
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The “risk premium,” ®, equates the two sides of the definition of risk aversion: W[E(Q)]
= (1 + @) - E[W(Q)]. The risk premium is a function of at least two variables: (1) the degree of
risk aversion, RA, e.g., how much does welfare increase with certainty, and (2) risk, where risk
is defined as “known” uncertainty, e.g., there is enough information to specify its probability
distribution, even though a specific value is unknown. Hence, risk is measured as the standard
deviation, o, of the risky outcome, where o” is the variance of the risky outcome.

A cost estimation contingency, Con (contingency percentage rate) based on this approach
to calculating risk premiums (i.e., the value of the contingency multiplier) can be formulated as

Con = O(RA, o), (AL1.1)

where ®(RA, o) is a function of the level of risk aversion, RA, and the standard deviation, o;
Pratt (1964). This function calculates the appropriate contingencies to levelized cost, yielding a
“certainty-equivalent” levelized cost, i.e., one that would equate for the risk taker (e.g., a public
utility) an uncertain levelized cost with a certain one. This definition of contingency assumes
that decision makers ignore higher order moments, such as skewness (whether the distribution is
symmetric) and kurtosis (whether it has fat tails, increasing the probability of “black swan”
events, Taleb, 2010, p. 355).

To calculate contingency, Equation (A1.1) must be specified by empirical observation or
experimentation, because economic theory does not explicitly state the form of the ®(RA, o)
function. First, what is an appropriate value of RA? Second, what is the appropriate estimate of
the standard deviation, o, of a cost estimate?

First, to determine a reasonable value for RA, consider the implicit assumptions
regarding risk aversion in standard cost-engineering guidelines. In these guidelines,
contingencies are suggested without regard to the size of the project or the size of the firm.
Hence, the guidelines implicitly assume Constant Risk Aversion. Under Constant Risk Aversion,
cost-engineering estimating practices implicitly suggest that RA = ¢, a constant across all
decision-maker types. If ®(RA, o) = ¢ - & (i.e., that the decision maker’s evaluation of the
standard deviation is well approximated by a first-order Taylor series expansion) contingency,
then Con becomes

Con = C- o, (AL1.7)

i.e., the appropriate level of contingency is equal to a constant, c, times the standard deviation of
a risky project’s cost. While economic theory does not provide a specific value for c, there could
be an implicit value of ¢ in cost engineering guidelines. However, under prospect theory
(Kahneman, 2011, p. 278-286), decision makers react differently to losses than to gains, so
®(RA, o) could not be equal toc - ©.

Under a normal distribution, (1) for a “Finalized Estimate” with an accuracy range =
+10% and an 80% confidence, ¢ = 7.8%

with ¢ = 0.64, Con = 0.64 - 7.8% = 5%
with ¢ = 1.00, Con = 1.00 - 7.8% = 7.8%; and
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with ¢ = 1.28, Con = 1.28 - 7.8% = 10%;

implying a band of contingency rates from 5% to 10%,; (2) for a “Detailed Estimate” with range
= +20% and an 80% confidence, o = 15.6% with a band from 10% to 20%; and (3) for a
“Preliminary Estimate” with range = £30% and an 80% confidence, c = 23.4% with a band from
15% to 30%. So if c is a constant, ¢ could be in the range of 0.64 to 1.28, which satisfies both
AACEI and EPRI guidelines on contingency. A value of 0.64 implies more tolerance to risk and
a value of 1.28 implies less tolerance of risk. But these values imply an accuracy range of +10%
with an 80% confidence. How does this value change with changes in the accuracy range and the
level of confidence?

Assuming a normal distribution with 80% of the distribution between +10% (for
generalization to non-normal distributions, see Rothwell, 2011, pp. 95-97):

CON|80%, ~ 0'(1.28/1.28) = 0'(1.00), €.g., 7.8% (A1.2)

Following this logic, for higher levels of confidence, e.g., 90%, 95%, 97.5%, 99%, or 99.5% and
an accuracy of £10% the contingency would increase as follows:

Conloo ~ o (1.645/1.28) = o (1.29), e.g., 7.8% (1.29) =10% (A1.3)
Conlose ~ o (1.960/1.28) = o (1.53), e.g., 7.8% (1.53) =12% (Al.4)
Conlorswe =~ ©(2.224/1.28) = o (1.74), e.g., 7.8% (1.74) = 14% (A1.5)
Conlose ~ o (2.576/1.28) = o (2.01), e.g., 7.8% (2.01) =16% (A1.6)
Conlssswe =~ ©(2.810/1.28) = o (2.20), e.g., 7.8% (2.20) =17% (AL1.7)

The multipliers [1.0, 1.29, 1.53, 1.74, 2.01, 2.20] can be generalized to various accuracy ranges:

Table A1.1: Risk Multipliers to Apply to the Standard Deviation of a Cost Estimate

6/7.8% x Accuracy Range

Confidence | #10% +20% +30%
80.0% 1.0 2.0 3.0
90.0% 1.3 2.6 3.9
95.0% 15 3.1 4.6
97.5% 1.7 3.5 5.2
99.0% 2.0 4.0 6.0
99.5% 2.2 4.4 6.6

Because it is not possible to simultaneously determine the risk aversion constant,
confidence in the cost estimate, and the range of accuracy, under the assumption of Constant
Risk Awversion (where the constant, ¢, is set equal to 1), the cost contingency can be
approximated as some multiple of the standard deviation of the (levelized) cost estimate, which
can be estimated either (1) by expert judgment, or (2) by using statistical or Monte-Carlo
techniques, as in this paper; see Section 4.
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Section A.2: Risk and Diversification

In well-defined capital markets, the price of risk can be calculated by determining the
probability distributions of historic rates of return. This section explores how risk can be reduced
by investing in a portfolio of assets following modern finance theory. For more on this example,
see Rothwell and Gomez (2003).

To maximize expected return for a specific level of risk, individuals invest in a diverse
set of financial instruments. (This might be different for how societies invest in public assets, just
as the social discount rate differs from an individual’s or a firm’s discount rate.) As an example,
consider the portfolio of common corporate stocks selected by Dow Jones & Company. Dow
Jones tracks three portfolios of common stocks: Industrials, Transportation, and Utilities. The
Dow Jones Industrial Average is a portfolio of 30 common stocks of large industrial corporations
headquartered in the U.S.

Table A2.1 lists the monthly percentage returns (from a randomly selected year) for 3
companies listed in Table A2.2, which lists the company name and the common stock symbol.
The nominal return is

Ry = ( Pre1 — Pt) /Py, (A2.1)

where Py is the period-t price of the stock. Also included in Table A2.1 is the (value-weighted,
i.e., weighted by the total value of each firm’s stock) average return for the New York Stock
Exchange, NYSE.

Investors compare average returns and risk (generally defined as the standard deviation of
the returns) for each stock. The average, or expected value of the return, E(Ry), is defined as

E(RY) = (UT)-TR fort=1,..,T. (A2.2)

The most common measure of variation is the standard deviation, SDev(R;), which is the square
root of the variance, Var(Ry):

Var(Ry) = [1/(T-1)] -=[Ri-ER)]*fort=1, ..., T. (A2.3)
Table A2.2 lists percentage values of E(R;), SDev(R;), and Var(R;) for the 3 stocks in Table A2.1.
An unbiased estimator for sample variance accounts for the degree of freedom lost in calculating

the sample mean, i.e., using [1/(T — 1)] in place of (1/ T) in Equation (A2.3). Table A2.3 lists the
correlations between these stocks and the stock market as a whole.

Notice in Table A2.2 that the standard deviation of the returns to the market (NYSE) is
lower than or equal to the standard deviations of the individual stocks. This is because the
variance of a portfolio depends on (1) the variances of the stocks in the portfolio, and (2) the
covariances between these stocks. Covariance between the returns on two stocks, j and k, is

Cov(Rit, Re) = [W(T-1)]-Z[Rit— ERi)] [Rie — E(Ri)] (A2.4)
fort=1, ..., T. Although portfolio variance is a function of covariance between the stocks in the
portfolio, it is easier to work with correlation, defined as

Corr(Rjt, Re) = Cov(Rjt, Rit) / [ SDev(R;t) - SDev(Rk) 1. (A2.5)
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Positive correlation implies that the two stocks move up and down together. Negative
correlation implies that the two stocks move in opposite directions. If the correlation coefficient
is 1, the two stocks move in the same direction (i.e., are perfectly positively correlated). If the
correlation coefficient is O, then the two stocks move independently. If the correlation coefficient
is —1, the two stocks are perfectly negatively correlated.

Table A2.1: Monthly Returns for 3 Stocks in the Dow Jones Industrial Average

NYSE AXP BA CHV

Jan.  5.30% 10.00% 0.60%  2.10%
Feb. -0.10% 5.60% -4.80% -2.00%
March -4.40%  -8.80% -3.10%  7.90%
April  430% 10.20% 0.00% -1.60%
May  7.10% 5.70% 7.10%  3.00%
June  4.40% 7.20% 0.70%  5.60%
July 7.60% 12.70%  10.60%  6.80%
Aug. -3.70% -7.20% -6.90% -1.20%
Sept.  5.80% 5.30% -0.10%  7.30%
Oct. -3.40% -450% -11.80% -0.20%
Nov. 3.10% 1.10%  11.00% -2.60%
Dec. 1.80% 13.40% -7.90% -4.00%

Table A2.2: Annual Returns to 3 Stocks in the Dow Jones Industrial Average

Symbol | Corporation E(R) SD(R)
NYSE | New York Stock Exchange 2.32%  4.28%
AXP American Express 4.24%  7.53%
BA Boeing -0.38%  7.16%
CHV Chevron 1.77%  4.28%

Table A2.3: Correlations between 3 Stocks in the Dow Jones Industrial Average

CORRs NYSE AXP BA CHV
NYSE 100%
AXP 81% 100%
BA 73% 36% 100%
CHV 25% -8% 31% 100%

For example, the correlation between the returns on American Express and Chevron is
—8%: American Express, a financial services provider, and Chevron, a petro-chemical company,
although negatively related, are almost independent. To take advantage of this (slightly negative)
independence, a portfolio of assets can be constructed in the following way. (A portfolio of
electric generating plants can be done in the same way, as in Section 4.) The expected return of a
portfolio of 2 stocks is

E(Portfolio Return) = X-ERj) +(1—-x) - ER), (A2.6)
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where x is the proportion of value of the portfolio invested in one stock and (1 — x ) is the
proportion of value of the portfolio invested in the other stock. The variance of a portfolio of
these two stocks is

Var(Portfolio) = x*- Var(Ry) + (1 —x)* - Var(R) + 2 - x - (1 — x) - Cov(Rjt, Ry) (A2.7)
= x*-Var(Ryt) + (1 —x)*- Var(Ri) + 2 - x - (1 —x) - Corr(Ryt, Rit) - SDev(Ry) - SDev(Ryy).

For example, in an equally-weighted portfolio of American Express and Chevron,
(1) the expected return would be 3% = (0.5) - (4.24%) + (0.5) - (1.77%),
(2) the variance would be 0.179% =
(0.5)% - (7.53%)* + (0.5)% - (4.28%)* + (2-0.5-0.5 - — 0.08 - 7.53% - 4.28%), and
(3) the standard deviation would be 4.14%,

which is less than the standard deviations of either of the two stocks because of the negative
correlation between the two returns. By varying the proportions of stocks in the portfolio, the
investor can find optimal combinations that minimize risk for each level of expected return. Of
course, more than two stocks should be included in a portfolio. The Dow Jones Index relies on
30 stocks.

The expected return and standard deviation for a portfolio of American Express and
Chevron can be calculated at x = 0%, 10%, ... 90%, and 100% from the data in Table A2.2.
Table A2.4 presents weighted averages of the returns and standard deviations of Chevron (x =
0%) and American Express (x = 100%). Figure A2.1 plots these values.

Table A2.4: Portfolio Returns and Standard Deviations
with American Express and Chevron

x 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
E(Port) 18% 20% 23% 25% 28% 30% 33% 35% 37% 40% 4.2%
SDev(Port) 4.3% 39% 36% 3.6% 38% 42% 47% 53% 6.0% 68% 7.5%

Depending on the investor’s indifference between risk and return, an optimal portfolio of
these two stocks can be selected. For example, if the investor wanted to minimize risk, a
portfolio of 20% to 30% of American Express would be most appropriate. On the other hand, if
the investor wanted to simply maximize return without regard to risk, a portfolio of 100%
American Express would be the most appropriate.

rothwell @stanford.edu; fganda@anl.qov 44




Electricity Generating Portfolios with SMRs v.20

Figure A2.1: Portfolio Frontier for American Express and Chevron from Table A2.4
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