
INL is a U.S. Department of Energy National Laboratory operated by Battelle Energy Alliance, LLC

INL/JOU-23-74264-Revision-0

Stochastic Optimization and
Uncertainty Quantification
of Natrium-based Nuclear-
Renewable Energy Systems
for Flexible Power
Applications in Deregulated
Markets

December 2024

Manjur Basnet, Jacob Bryan, Seth Dana, Aiden Meek, Hailei Wang, Paul W
Talbot



DISCLAIMER

This information was prepared as an account of work sponsored by an
agency of the U.S. Government. Neither the U.S. Government nor any
agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness, of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. References herein to any specific commercial product,
process, or service by trade name, trade mark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the U.S. Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect
those of the U.S. Government or any agency thereof.



INL/JOU-23-74264-Revision-0

Stochastic Optimization and Uncertainty
Quantification of Natrium-based Nuclear-Renewable
Energy Systems for Flexible Power Applications in

Deregulated Markets

Manjur Basnet, Jacob Bryan, Seth Dana, Aiden Meek, Hailei Wang, Paul W
Talbot

December 2024

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy

Under DOE Idaho Operations Office
Contract DE-AC07-05ID14517



Received: Added at production Revised: Added at production Accepted: Added at production

DOI: xxx/xxxx

R E S E A R C H A R T I C L E

Sensitivity Analysis of a Nuclear Hybrid Energy System
with Thermal Energy Storage in Deregulated Electricity
Markets Considering Time Series Uncertainty in
Electricity Price

Jacob A. Bryan1 Hailei Wang1 Paul W. Talbot2

1Department of Mechanical and
Aerospace Engineering, Utah State
University, Utah, USA

2Idaho National Laboratory, Idaho, USA

Correspondence
Corresponding author: Jacob A. Bryan
Email: jacob.bryan@usu.edu

Funding Information
This research was supported by the U.S.
Department of Energy Nuclear Energy
University Program, Award Number:
DE-NE0009159.

Abstract
Adding thermal energy storage to nuclear power plants has been proposed as a way to allow
nuclear plants to operate more flexibly and potentially be more competitive in deregulated
electricity markets. The economics of these systems in deregulated markets are subject to
uncertainties in capital costs, operating costs, and revenue. This study quantifies the un-
certainty in the net present value of a nuclear power plant with integrated thermal energy
storage in three U.S. deregulated electricity markets considering these sources of uncertainty
and quantifies, for the first time, the relative contributions each source makes to the over-
all uncertainty. To accomplish this, a computationally efficient block bootstrap method is
introduced to quantify uncertainty contributions from the stochastic time series of electric-
ity prices, achieving a two order of magnitude decrease computational time compared to the
model-based methods used in previous works while also relaxing several strict assumptions
made by the model-based approach. Up to 18.5% of the overall variance in net present value
is attributable to variance in the electricity price stochastic process, with this sensitivity vary-
ing significantly across markets.

K E Y W O R D S
Integrated energy system, Hybrid energy system, Sensitivity analysis, Uncertainty quantifi-
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1 INTRODUCTION

The United States has set the goals of achieving a 100% clean electricity grid by 2035 and economy-wide net-zero
greenhouse gas emissions by 2050 [1]. Generator-side pathways to achieving this 2035 goal rely on a broad mix of
electricity generation resources, including wind, solar, nuclear, energy storage, carbon capture and other net-zero
energy sources [2]. Wind and solar power are essential components of a net-zero electricity system, but they are
intermittent resources that are not economical or feasible for every region. Furthermore, greater penetration of these
renewable energy resources in some regions has resulted in increased volatility in net electricity demand and decreased
the minimum baseload generation required to meet this demand [3].

Nuclear power plants (NPPs) have historically operated as baseload electricity providers, given their ability to
provide firm, consistent power output regardless of weather or time of day. Many of these plants have responded
to this increased volatility in their respective electricity markets by operating more flexibly, reducing power output
during low-demand periods, though this type of load-following operation is not currently allowed by regulating bodies
in all regions [4]. However, reducing power output at a nuclear power plant does not reduce the plant’s operating
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costs; the only economic benefit to reducing power output lies in avoiding the sale of generated electricity at negative
prices [5]. Integrated energy systems (IES) seek to add flexibility to nuclear plants by providing other avenues for
using the heat and electricity generated by the plants, such as storing energy in coupled thermal energy storage
systems, providing heat for industrial processes, or producing other commodities like hydrogen [6, 7, 8]. Enabling
the energy system to quickly follow electricity demand and price to optimally allocate its resources may lead to
increased profitability of these systems compared to reference plants with less flexibility.

Nuclear power plants with integrated thermal energy storage (TES) are a current subject of industrial interest, as
shown by the Natrium plant designed by TerraPower and GE Hitachi Nuclear Energy [9]. Natrium is a 345-MWe
nuclear power plant with gigawatt-scale molten salt thermal energy storage, allowing the system output to produce
up to 500 MWe for 5.5 hours without changing the thermal output of the reactor. Deregulated electricity markets,
which serve electricity demand in their respective regions through competitive markets into which generators bid
their capacity [10], are of particular interest for this type of flexible nuclear power plant because nuclear power plants
have become decreasingly cost-competitive with coal and natural gas as electricity sources in these markets [11].

Due to stochastic variation in electricity demand, variable renewable energy generation, and other sources of
supply-side or demand-side uncertainties in the market, the hourly day-ahead price of electricity paid to generators
in deregulated electricity markets exhibits significant variability, with daily, weekly, and seasonal periodicities and
large but infrequent spikes in price. This stochasticity in the electricity price causes uncertainty in the expected
revenue for generators participating in these markets. Previous studies of the economics of advanced nuclear reactors
tend to focus on the costs of the plants, such as capital expenses (CAPEX) and operating expenses (OPEX), but do
not contextualize these costs with expected revenue [12, 13]. Other studies, such as those in Refs. [14, 15], consider
the contributions of electricity price uncertainty to NPV for their respective IES designs but fail to include CAPEX
and OPEX uncertainties when quantifying that uncertainty in NPV. Hill et al. [16] quantify the uncertainty in
levelized cost of electricity (LCOE) of a nuclear power plant with thermal energy storage due to uncertainties in
system component CAPEX and OPEX and variability in electricity demand, wind power, and solar power over a
6-month period in the California market (CAISO). However, their study does not quantify the relative contribution
of these uncertainties to overall uncertainty in LCOE, and the uncertainties in revenue which would be present for
an energy system operating in CAISO, a deregulated electricity market, are not considered.

The present study extends the work of Ref. [15] to include uncertainty in nuclear power plant CAPEX and OPEX
and thermal energy storage CAPEX. This study also builds upon Ref. [16] by expanding the analysis to 3-5 years of
historical data from the California, Texas, and Midcontinent U.S. electricity markets (CAISO, ERCOT, and MISO,
respectively). The expansion to multiple years and regions has two-fold motivation. First, the large but infrequent
spikes in electricity price are a significant statistical feature of the price time series. Expanding to multiple years of
data allows for better quantification of the effects of these price spikes on the NPV of the IES of interest. Second, the
statistical behavior of the electricity price is not uniform across regions; each market is unique, and so the market-
related uncertainties in each region will be different. Considering multiple markets demonstrates this non-uniformity
in uncertainty.

Finally, the previous studies of Refs. [14, 15, 16] and others all use a Monte Carlo uncertainty quantification
approach which uses ARMA-based time series models for quantifying uncertainty from time series sources. However,
the repeated sampling and optimization process required by this method is needlessly computationally demanding
for many analyses. This study introduces a bootstrap-based approach which reduces the computation time for this
task by two orders of magnitude while relaxing assumptions of the electricity price distribution and autocorrelation
function made by the ARMA-based approaches and achieving better estimation of revenue uncertainty.

The remainder of this study is presented as follows. Section 2 exhibits the time series data collected from the
CAISO, ERCOT, and MISO markets considered in this study. Three to five years of historical electricity price data
is collected from each region, depending on data availability. Section 3 reviews cost estimates of the capital costs
and operating costs for advanced nuclear power plants and two-tank molten salt thermal energy storage systems. In
Section 4, a numerical model for a nuclear power plant with thermal energy storage is devised. The specifications
of the modeled system are inspired by the Natrium design. The ARMA-based and bootstrap-based time series
uncertainty quantification approaches are described in Section 5. A semi-analytical method for calculating Sobol
sensitivity indices for uncertain cash flows is also presented in Section 5. The results of the sensitivity analysis are
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presented in Section 6, where the Sobol indices for each market and the distributions of increase in revenue are
presented. The main findings of the study are summarized in Section 7.

2 HISTORICAL DATA FROM US ISOS

There are seven deregulated electricity markets in the United States: New York (NYISO), New England (ISO-NE),
Pennsylvania-Jersey-Maryland (PJM), Midcontinent (MISO), the Southwest Power Pool (SPP), Texas (ERCOT),
and California (CAISO). Of these markets, three have been selected as markets of interest due to their varying levels
of renewable energy capacity. ERCOT is the nation’s leader in wind energy, having produced 107 TWh of electricity
with wind power in 2022, 25% of the region’s total electricity generation for the year. ERCOT has also seen large
investments in solar energy over the last 5 years; solar power electricity generation increased from 3.2 TWh in 2018
(0.8% of total generation) to 24.2 TWh in 2022 (5.6% of total generation). MISO produces far more wind power
than solar power, with wind accounting for 14% of total generation in 2022 and only 1.2% attributed to solar power.
CAISO produces comparatively much more solar power than ERCOT or MISO, with a total of 17% of it electricity
coming from solar power. Wind power contributes 10.8% of CAISO’s total power mix.

Wind power and solar power can have significant effects on the price of electricity. Large solar capacity depresses
prices during the day when solar power is abundant before production tapers off in the evening hours as electricity
demand peaks, with the severity of this effect depending on the weather and the season. The result is the ubiquitous
“duck curve” in both net load and electricity price. Wind power is somewhat less predictable, with wind speeds
constantly varying, though wind speeds tend to also follow roughly diurnal and seasonal trends. The varying levels of
these renewable energy resources in each ISO contributes to the electricity price in each ISO having its own statistical
characteristics.

The analysis in this paper is performed over annual periods using hourly data (8760 hours). However, a single year
of data is insufficient for characterizing uncertainty in electricity price for a region due to the large, infrequent spikes
in electricity price that may occur. This need for more data is balanced by the inherently changing market due to
changes in generator installations (see the increase in ERCOT solar capacity, for example) and the availability of long-
term historical data from these ISOs. With these considerations, data from 2018 to 2022 was collected for ERCOT
and MISO, while the analysis for CAISO is limited to data from 2020 to 2022 due to the availability of complete
historical data. Furthermore, the data from ERCOT for 2021 is omitted from this analysis. The severe winter storm
in February 2021 that impacted Texas resulted in prolonged power outages and record-breaking electricity prices [17].
The mean electricity price in ERCOT in 2021 was over 2.5 times greater than in the year with the next highest
mean because of this energy crisis, making 2021 a clear outlier in the ERCOT’s historical price data. This data was
initially included in this study, but early results indicated a greater than 200-fold increase in the revenue variance
for the target IES design operating in ERCOT than when this data was omitted. A similar effect was not observed
when removing any one year’s data in the other ISOs studied here.

3 CAPITAL COSTS AND OPERATING COSTS

Nuclear power plants are a capital-intensive investment, and there is significant uncertainty around capital costs for
advanced nuclear reactors. Advanced nuclear reactor designs are at varying stages of development and have not yet
seen widespread deployment, so estimates of advanced nuclear capital expenses (CAPEX) and operating expenses
(OPEX) are used in lieu of costs from real-world projects for the purposes of this study. Recent reviews of advanced
nuclear capital expenses (CAPEX) and operating expenses (OPEX), such as the works of Abou Jaoude et al. [12]
and Stewart and Shirvan[13], have thoroughly addressed this topic. Readers are directed to these works for a more
thorough review of the literature, but the references found therein that are used in this study are provided in Table 1
for completeness. This section synthesizes their results to build a distribution of advanced nuclear CAPEX and
OPEX estimates. Estimates for TES costs are much more sparse in the literature, but these costs are expected to
have less uncertainty than the nuclear costs and wholesale electricity revenue, so the TES uncertainties are treated
less exhaustively. All monetary values given here are in 2022 USD ($2022). Estimates from other years are escalated to
2022 USD following the methodology of Ref. [12], which uses the 2017 edition of the Advanced Fuel Cycle Cost Basis
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T A B L E 1 Summary of cited works used for estimating uncertainty in NPP capital expenses and operating
expenses, divided by reactor type

Cash Flow PWR HTGR SFR MSR

NPP CAPEX [20] [21] [22] [23] [24]
[25] [26] [27]

[20] [28] [27] [29] [20] [30] [31] [13] [21]
[32] [33] [34] [22] [35]
[28]

[20] [27] [36] [37] [38]
[39] [40]

NPP OPEX [21] [26] [28] [27] [21] [32] [34] [41]

F I G U R E 1 Escalated NPP CAPEX estimates with the year of the estimate and the type of reactor.

Report produced by Idaho National Laboratory (INL) [18] and the Producer Price Index for new industrial building
construction from the U.S. Bureau of Labor Statistics [19] to derive escalation factors for each cost estimate by year.

A total of 56 estimates of NPP CAPEX from 22 studies are included in the distribution of values, given in units of
$/kWe of reactor capacity. These NPP CAPEX estimates include values given for pressurized water reactors (PWR),
high temperature gas reactors (HTGR), sodium fast reactors (SFR), and molten salt reactors (MSR). There does
not appear to be a significant difference in distribution of values by reactor type, so all reactor types are included
in a single distribution here. As more detailed cost estimates are produced as advanced reactor designs come to
maturity, this may no longer be the case. The escalated NPP CAPEX estimates are shown in Fig. 1, taken from the
references in Table 1. There does not appear to be strong motivation to delineate these cost estimates by reactor type,
given the significant overlap of their distributions and relatively few cost estimates for each reactor type individually.
Therefore, the estimates from all four listed reactor types are considered as a single group. These estimates have a
mean of $7900/kWe and a standard deviation of $2600/kWe.

Only 11 estimates of NPP OPEX were found in the literature. After applying the same escalation procedure
to these data, they have a mean of $34/MWe and a standard deviation of $17/MWe. The escalated NPP OPEX
estimates are plotted in Fig. 2, taken from the references in Table 1.

There is relatively little available data on costs for thermal energy storage systems. For capital costs, Mikkelson
et al. [42] cite ranges of 5 to 30 $/kWeh of energy capacity and 400 to 2100 $/kWe for power costs, using the greater
of the two for the system. For the system design of this study, which has a thermal capacity of 2.288 GWth and the
system’s maximum power output of 500 MWe, the power cost range produces the greater values. These costs are
in line a similar TES system described in Knighton et al. [43], where a 500 MWe system with 6 hours of thermal
energy storage is estimated to have a power cost of 1272 $/kWe using Hitec salt as the storage medium. Given that
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F I G U R E 2 Escalated NPP OPEX estimates with the year of the estimate and the type of reactor.

only a simple range of costs is available rather than a distribution of cost estimates, we assume the upper and lower
values of the range from Ref. [42] correspond to the upper and lower bounds of a uniform distribution to give equal
probability to each value in the range, as was done previously by Hill et al. [16] in their related sensitivity analysis.
Insufficient information about fixed and variable operating costs for TES systems was found in the literature, so
these potential cost drivers are not included in this sensitivity analysis.

4 SYSTEM MODEL

The nuclear power plant with integrated thermal energy storage is modeled using the Holistic Energy Resource
Optimization Network (HERON) [44]. HERON is a tool for stochastic technoeconomic analysis of energy systems
developed by the U.S. Department of Energy’s Integrated Energy Systems program. In HERON, systems are modeled
as high-level components that can produce, consume, or store a resource according to component capacities, dispatch
requirements, and economic drivers. This is generally coupled to a stochastic time series model, created using the
Risk Analysis Virtual Environment (RAVEN), to produce new time series realizations, or “synthetic histories,” over
which the system dispatch is optimized [45].

It has been noted previously in the literature that stochastic optimization of energy systems typically results in a
different optimal design than systems optimized over only the historical data [46]. This stochastic approach to the
technoeconomic analysis also allows for quantified uncertainty of cash flows dependent on these time series values,
such as revenue from sales of electricity in a wholesale electricity market.

The energy system that is modeled is illustrated if Fig. 3. The NPP reactor provides heat to the system at a
fixed rate of 834 MWth. This heat is transferred to an intermediate storage loop with a two-tank thermal energy
storage (TES) system with a capacity of 2.288 GWthh. The working fluid of the storage loop is nominally a molten
nitrate salt mixture (60% NaNO3 and 40% KNO3), though the modeling approach employed here is agnostic to the
working fluids. Stored hot fluid can be drawn from the hot storage tank as needed to drive the electricity generation
cycle of the balance of plant (BOP). The electricity produced by the BOP is supplied to the electricity grid, and
the BOP electricity output is allowed to range between 200 MWe and 500 MWe. A fully-charged TES system is
able to sustain the maximum 500 MWe output for 5.5 hours before the electrical power output must be reduced and
the storage recharged. Dana et al. [47] develop a detailed dynamic system model for this nuclear power plant plus
thermal energy storage (NPP+TES) system using Dymola and the Modelica language. They observe BOP efficiencies



6 Bryan et al.

F I G U R E 3 Illustration of a nuclear power plant with integrated thermal energy storage system. All heat pro-
duced by the nuclear reactor in the primary loop is transferred to the intermediate storage loop before being utilized
by the balance of plant to generate electricity.

T A B L E 2 System design parameters for the model of the nuclear power plant with thermal energy storage

Description Variable Value

Reactor thermal output Ẇreactor 834 MWth
System electrical output Ẇ 200-500 MWe
Steady operation electrical output Ẇsteady 345 MWe
Overall thermal efficiency η 0.4
Power boosting max duration τ 5.5 hours

ranging between 41.7% and 42.8%. Two-tank molten salt energy storage systems can have round-trip efficiencies of
up to 93% [42]. The overall system efficiency is assumed to be a fixed 40%, which is roughly the product of these
efficiencies. At 40% overall efficiency, the steady-state electrical output of the system is 345 MWe. These model
parameters are summarized in Table 2.

A numerical model can be constructed from the principles of conservation of mass and energy. For a fixed reactor
output and approximately constant storage tank temperatures, the mass flow rate of storage fluid being drawn from
the cold storage tank, passed through the primary loop heat exchanger, and deposited into the hot storage tank is a
fixed rate; only the mass flow rate being drawn from the hot storage tank, or the equivalent electrical output, must
be determined in an optimization. The power output is the only degree of freedom at each time step, so the system
can be reduced to a single out-of-the-loop storage tank. To make this reduced model equivalent to the storage-in-
the-loop design in Fig. 3, the BOP efficiency is taken to be the overall system efficiency (40%), while the thermal
energy storage has no efficiency losses. While no real thermal energy storage system has a round-trip efficiency of
100%, this is mathematically equivalent to the two-tank storage model with non-unity round-trip efficiency.

The state of charge of the storage tank L at time t is defined to be

L(t) = L(0) +
t∑

s=1

(
Ẇsteady – Ẇ(t)

)
, (1)

where Ẇsteady is the steady-state electrical output of the system, and Ẇ(t) is the electrical output of the system at
time t. The outputs Ẇ(t) for t = 1, . . . , T are decision variables which are optimized to maximize revenue,

Revenue =
T∑

t=1

P(t)Ẇ(t) (2)
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where P(t) is the price of electricity at time t. The models used for electricity price will be described in greater detail
in Section 5.2. The storage level is constrained to be periodic over time horizon t ∈ [0, T],

L(0) = L(T), (3)

and the storage level must not exceed the TES component capacity,

0 ≤ L(t) ≤ τ
(
Ẇmax – Ẇsteady

)
, (4)

where τ is the time duration of storage while operating at maximum electrical output Ẇmax. The system outputs
must fall within the minimum and maximum output bounds,

Ẇmin ≤ Ẇ(t) ≤ Ẇmax, (5)

with Ẇmin = 200 MWe and Ẇmax = 500 MWe. This optimization problem for maximizing revenue subject to these
constraints can be solved with linear programming methods. During this optimization of the system dispatch, price-
taker assumptions are applied, meaning that the market is assumed to be large relative to the generation contributed
by the system and that the electricity price is not effected by the system dispatch.

A time series of 8760 hourly electricity prices, totaling 1 year, is provided to the system model for each realization.
Then, the system dispatch is solved over weekly (168 hour) windows. This window length was chosen because of the
daily and weekly seasonalities observed in electricity price. Finally, cash flows are calculated over the 8760 hours of
the optimized dispatch.

This study considers four uncertain cash flows: NPP CAPEX, NPP OPEX, TES CAPEX, and revenue. Each of
these will be calculated on an annualized basis, with the system dispatch being solved over annual time periods.
This is straightforward for cash flows which are already being calculated on an annual basis, like NPP OPEX and
revenue. However, the up-front capital expenses must be annualized so that their respective uncertainties are not
overly weighted compared to the recurring cost drivers.

The net present value (NPV) of a recurring cash flow can be expressed as

NPV = (1 – rt)
N∑

y=0

α
(

Dy

Dref

)x

[(1 + ri) (1 + rd))]y . (6)

The numerator of the summed term is the cash flow equation, with reference cost α, cost driver Dy, reference driver
Dref , and x is a scaling factor. The contribution of the yearly cash flows are scaled by the tax rate rt, interest rate
ri, and discount rate rd. This study uses an inflation rate of 2.5%, tax rate of 25%, and a discount rate of 8%. Note
that increases in the sum of inflation rate and discount rate will decrease the contribution of later years to the total
NPV for the cash flow.

The NPV of a capital expense for a component with capacity C and reference cost α subject to amortization and
depreciation is

NPV = αC

1 – rt

16∑
y=1

MACRS(y)
[(1 + ri) (1 + rd))]y

 . (7)

The 15-year MACRS schedule, the modified accelerated cost recovery system, is used to calculate depreciation. To
annualize this NPV, the expression in Eq. 7 can be equated to a single recurring cash flow like in Eq. 6 to find the
equivalent reference cost αequiv for a recurring cash flow over the life of the component, Nlife. This equivalent reference
cost is then

αequiv = α
1 – rt

∑16
y=1

MACRS(y)
[(1+ri)(1+rd))]y∑Nlife

y=1
1

(1+rd)y

. (8)
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The lifetime of the nuclear reactor is assumed to be 60 years, and the life of the thermal energy storage and balance
of plant components is assumed to be 30 years. Applying Eq. 8 to these lifetimes yields capital recovery factors of
0.0888 and 0.0808 for 30- and 60-year lifetimes, respectively.

Finally, the total system NPV (NPVtot) is simply the sum of the NPV of each of the aforementioned cash flows:

NPVtot = NPVnpp,capex + NPVnpp,opex + NPVtes,capex + NPVrevenue. (9)

5 UNCERTAINTY QUANTIFICATION METHODS

The uncertainty in the NPP CAPEX, NPP OPEX, and TES CAPEX cash flows can be reduced to uncertainty in
the reference costs α. For the revenue cash flow, however, there is uncertainty in both the reference cost α and the
cost driver Dy, which is the dispatch of the system, because both variables are dependent on the stochastic time
series of electricity price. This section describes the methods used for quantifying the contributions to uncertainty
in NPVtot from each of these sources of uncertainty.

5.1 Sobol Indices

Sensitivity analysis seeks to attribute variance in a model output to variance in model inputs. Sobol indices provide a
convenient, normalized form to compare the variance contributions from each source of uncertainty [48]. This is done
through variance decomposition. For our model, calculating the Sobol indices for the uncertain input parameters for
each ISO will quantify the sensitivity to each uncertainty source for each market.

Sobol indices are defined by the ratio of variance in a function Y attributable to some combination of uncertain
inputs X1, X2, . . . , Xd to the total variance in Y. For an individual input Xi, its Sobol index Si is

Si =
Var(E(Y |Xi))

Var(Y)
. (10)

Sobol indices for individual inputs are known as first order indices. The Sobol index for two inputs together, Xi and
Xj, is defined as

Sij =
Var(E(Y |Xi, Xj)) – Var(E(Y |Xi)) – Var(E(Y |Xj))

Var(Y)
. (11)

Known as second order indices, Sobol indices of two inputs quantify the variance contribution of the interaction of
Xi and Xj beyond their individual variance contributions. This process can be continued for all subsets of u. More
generally, for some arbitrary combination of uncertain inputs X1, X2, . . . , Xd, denoted by Xu where u ⊂ {1, 2, . . . , d},
the Sobol index Su is

Su =
Var(E(Y |Xu)) –

∑
v∈V Var(E(Y |Xv))

Var(Y)
,

u ⊆ {1, 2, . . . , d}, V = P(u) – {u},
(12)

where V = P(u) – {u} is the set of all subsets of u (the power set of u) minus u itself. The first term in the numerator
is the total variance contributed to Y by the inputs in Xu, and the second term in the numerator removes the
contribution of lower-order combinations. To make this notation more concrete, take u = {1, 2} as an example. Then,
Xu = {X1, X2} and V = {{1}, {2}}. Applying this to Eq. 12, the expression becomes

S12 =
Var(E(Y |X1, X2)) – [Var(E(Y |X1)) + Var(E(Y |X2))]

Var(Y)
, (13)

which recovers the expression from Eq. 11.
The total sensitivity to some parameter Xi can be summarized in the total sensitivity index STi . This total sensitivity

index is the sum of all indices , which is defined as

STi = 1 –
Var(E(Y |X∼i))

Var(Y)
, (14)
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where the notation X∼i indicates the set of all inputs except Xi. The total sensitivity index includes variance from
the parameter itself and all of its higher-order interactions.

Calculating Sobol indices often comes at significant computational expense when Var(E(Y |Xu)) must be estimated
numerically through Monte Carlo sampling. For Y = NPVtot, however, the considered sources of uncertainty contribute
to variance in NPVtot independently and in a strictly additive fashion. This significantly simplifies the calculation of
the Sobol indices. The remainder of this section focuses on the derivation of expressions for calculating some Sobol
indices of NPVtot analytically.

Beginning with the denominator in Eq. 12,

Var (NPVtot) = Var(NPVnpp,capex + NPVnpp,opex

+ NPVtes,capex + NPVrevenue)
(15)

= Var
(
NPVnpp,capex

)
+ Var

(
NPVnpp,opex

)
+ Var

(
NPVtes,capex

)
+ Var (NPVrevenue) ,

(16)

since the random variables on which each component NPV depends are independent of each other. Therefore, the
variance of each cash flow can be calculated individually. Taking the variance of Eq. 6 gives the general form of this
variance term:

Var(NPV) = Var

(1 – rt)
N∑

y=0

α
(

Dy

Dref

)x

[(1 + ri) (1 + rd))]y

 . (17)

For the CAPEX and OPEX cash flows, this reduces to

Var(NPV) =

(1 – rt)
N∑

y=0

α
(

Dy

Dref

)x

[(1 + ri) (1 + rd))]y

2

Var(α) (18)

since only α is uncertain. While it is immediately apparent that all of the other terms in the equation are constants
for the CAPEX cash flow, the cost driver Dy in the OPEX cash flow is the total electricity produced in year y and
is therefore a function of the system dispatch. However, since the heat output of the NPP is held constant, all heat
produced must eventually be converted to electricity, and the heat stored in the TES system must be equal at times
t = 0 and t = 8760 (the end of the year), the total electricity produced must be equal to the total heat produced
times the efficiency of the balance of plant, making Dy a constant in this case as well. The variance of α can then be
calculated using the distribution of estimates from Section 3.

The expression for Var(NPVrevenue) does not reduce so nicely due to the dependence of both Dy and α on the price
time series Pt. This term must be calculated numerically through Monte Carlo sampling of Pt. The following two
subsections describe the sampling methods that are applied when estimating this term.

With the individual NPV variances having been calculated, the numerator of Eq. 12 is trivial to calculate. The
uncertainties in NPVtot are additive, so

Var(E(NPVtot |Xi)) = Var(NPVi), (19)

which has just been calculated for each cash flow NPVi. Finally, returning to Eq. 12 with three terms of the form of
Eq. 18 for the NPP CAPEX, NPP OPEX, and TES CAPEX cash flows, and one term of the form of Eq. 17 for the
system revenue,

Si =
Var(NPVi)∑4
j=1 Var(NPVj)

, i ∈ {1, 2, 3, 4}. (20)

Only Var(NPVrevenue) must be estimated numerically to calculate all of the Sobol indices. Furthermore, it can be seen
here that the 4 first-order Sobol indices of NPVtot account for all of the variance in NPVtot. All of the second-order
and higher indices are zero, and the total Sobol indices from Eq. 14 and the first-order indices are equivalent.
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5.2 Stochastic Time Series Model

One method for estimating the uncertainty in NPVtot due to the price time series Pt is to fit a stochastic model to
Pt and solve the dispatch problem from each realization. This Monte Carlo approach using scenario generation has
been used by a number of studies in the past, such as those in references [49, 50, 14]. In this study, we apply a vector
ARMA (VARMA) model to the data to take advantage of correlations among price, load, wind, and solar data when
generating synthetic price time series [51].

The data must be detrended and normalized before fitting a VARMA model. The major tends to be removed
are periodic trends, such as diurnal and annual trends in electricity load. Chen and Rabiti [52] propose removing
these periodicities by subtracting corresponding Fourier modes from the signal then applying a gaussianizing trans-
formation to the residual. For the data used in this study, it was found to be beneficial to include additional data
transformations. The following procedure was applied to the historical data segmented into approximately monthly
segments of 730 hours, in line with the detrending procedures of previous studies, e.g. [53, 54].

First, significant year-to-year trends in the data are removed. These long-term trends are removed from the wind
and solar data (Xt,wind and Xt,solar, respectively) by normalizing the total installed capacity C for each resource and
region,

Rt,wind =
Xt,wind

Cwind(t)
, (21)

Rt,solar =
Xt,solar

Csolar(t)
. (22)

This results in a capacity factor that ranges between 0 and 1 at each time t. The price and total load series are
detrended by subtracting the median value and scaling by the interquartile range,

Rt,load =
Xt,load – med(Xload)

IQR(Xload)
. (23)

The price time series residuals are further transformed with a hyperbolic arcsine function, a log-like function that
accepts both positive and negative values, to reduce the severity of price spikes before passing the residual series on
to subsequent modeling steps [55],

Rt,price = arcsinh
(

Xt,price – med(Xprice)
IQR(Xprice)

)
. (24)

Then, the significant Fourier modes of the residual are removed, where the periods of these modes (pi) are manually
specified, though their The total Fourier signal removed from residual Rt is

Ft =
M∑
i=1

Ai sin
(

2πt
pi

)
+ Bi cos

(
2πt
pi

)
, (25)

where the coefficients Ai and Bi are determined through least squares regression. This Fourier signal removal is
applied to all variables except solar power. During the nighttime hours, solar power generation is exactly zero, making
applying such a Fourier detrending algorithm to the series difficult. This is remedied somewhat by masking the zero
values, fitting the Fourier signal to the non-zero values, then replacing the zeros in the synthetic signal to ensure
that the nighttime periods are correctly preserved. While this method does preserve the nighttime values well, it
tended to produce anomalous values in the morning and evening hours. A better reproduction of the solar power
series in these morning and evening hours is achieved by using an STL decomposition, which decomposes the signal
into trend, seasonal, and residual components [56]. In the case of solar power, a periodicity of 24 hours is specified
for the STL decomposition, and the sum of the trend and seasonal components sum to be the total mean trend for
the solar power data,

Ft,solar = St,solar + Tt,solar, (26)



Sensitivity Analysis of a Nuclear Hybrid Energy System 11

where St and Tt are those seasonal and trend components, respectively, as calculated from the STL decomposition
of Rt,solar. Finally, the resulting signal is gaussianized through a probability integral transformation [57, 52]

Nt = Φ–1 [
f (Rt – Ft)

]
, (27)

where Φ is the cumulative distribution function (CDF) of the standard normal distribution and f is the CDF of the
residual signal Rt – Ft. The CDF of the residual is not known, so it is estimated through kernel density estimation.
The normalized signal Nt should now be sufficiently stationary to fit a VARMA model, defined by

Yt = µ +
P∑

i=1

ϕiYt–1 +
Q∑

j=1

θjYt–1 + εt, (28)

where Yt are vectors of k variables, P and Q are the autoregressive and moving average orders, respectively, µ is a
constant, ϕi and θj are each k × k matrices, and εt is a noise term of distribution N (0, σ2). A VARMA model with
P = 2 and Q = 3 is used for this study.

A separate model is fit to each month of the multi-year series of historical data for each region. While the detrending
steps outlined above target removing trends in the mean of the signal, they do nothing to address changes in
autocorrelative and cross-correlative behavior. These do not appear to change significantly over short timescales, and
fitting a model to each month-long segments is sufficient for negating stationarity concerns over longer time frames.

To generate a time series of one year in length, a model for each month is randomly drawn from the models for
that month from each year of available data. Then, a noise signal is generated using the VARMA model, and the
transformation of Eq. 27 is inverted, followed by the adding the Fourier signal back in and inverting the remaining
transformations and scalings. When generating a signal, the robust scaling step, as in Eq. 23, the median and
interquartile range from the 2022 series are used. This is to ensure that the resulting synthetic time series for price
is in 2022 USD.

Figure 4 shows the distribution of historical price data compared to that of 100 samples generated using the fitted
models. The values of each series are scaled using Eq. 24 to facilitate the visualization by reducing the severity of
the right-tail values relative to the rest of the distribution. Visually, it can be seen that the historical and sampled
distributions are similar but not exactly the same. The differences between them tend to be most pronounced at the
tails of the distributions, with the distributions generally matching well in the high-density portions of the probability
distributions. It is desired that the samples be statistically similar to the historical data, but one of the benefits of
using a time series modeling approach such as this is that the model may generate values beyond the bounds of the
historical data. In the judgement of the authors here, these models fit the data sufficiently well for the purposes of
this study. However, this is an area of potential improvement, particularly with respect to the correct estimation of
the frequency, magnitude, and duration of extreme price spikes.

5.3 The Block Bootstrap

Another approach to the time series uncertainty quantification problem is to employ a block bootstrap resampling
method. Bootstrapping entails random sampling with replacement from a collection of samples to estimate the
properties, such as the variance, of some measure of the samples [58]. While the bootstrap is a powerful tool, it
requires that the samples of the data be independent, and autocorrelated time series values are not independent.
Block bootstrap methods were introduced to address this case of bootstrapping with autocorrelated signals [59].

The block bootstrap accommodates an autocorrelated signal by resampling blocks of sequential samples with
replacement, assembling these blocks into a bootstrap pseudo-series, then estimating the property of interest from
that resulting pseudo-series. In this study, the circular block bootstrap of Politis and Romano [60] is used. The
sampling method for the circular block bootstrap is depicted in Fig. 5. Starting with a series of observations X1, . . . Xn,
the procedure for estimating some property θ, where its bootstrap estimate is denoted θ̂n, using the circular block
bootstrap is as follows [61]:

1. Resample with replacement k = ⌈n/b⌉ blocks of observations of length b from the observations X1, . . . , Xn. This is
done with the observations “wrapped” in a circle, where blocks may begin near the end of the series and wrap
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(a) ERCOT

(b) CAISO

(c) MISO

F I G U R E 4 A comparison of the distributions of the historical price data and 100 samples of the time series model
for (a) ERCOT, (b) CAISO, and (c) MISO. Both series are normalized with Eq. 24 to facilitate the visualization.

around to the beginning of the series; this is the defining feature of the circular block bootstrap (see Fig. 5).
Resampling blocks in this way results in more equitable usage of observations near the beginning and end of
the series.

2. Concatenate these k blocks to form the bootstrap pseudo-series

X∗
1 , . . . , X∗

b , X∗
b+1, . . . , X∗

2b, . . . , X∗
n–b+1, . . . , X∗

n .
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The superscript ∗ indicates a bootstrapped quantity. If n/b is not an integer, keep only the first n observations
from the pseudo-series.

3. Repeat M times to generate M bootstrap pseudo-series.
4. For each pseudo-series j = 1, . . . , M, calculate the sample statistic θ̂∗(j)

n .
5. The mean of θ̂∗

n is

E∗
[
θ̂∗

n

]
=

1
M

M∑
j=1

θ̂∗(j)
n , (29)

and its variance is

Var∗
(

θ̂∗
n

)
=

1
M

M∑
j=1

(
θ̂∗(j)

n – E∗
[
θ̂∗

n

])2
. (30)

This procedure still requires the selection of block length b. The optimal block length is the block length which
maximizes the convergence rate of the bootstrap estimate. Blocks that are too short will not contain enough data
to capture the autocorrelative behavior of the signal, and the estimates of θ for each block will not be independent
of each other. Blocks that are too long will produce independent estimates of θ but will not make efficient use of
the available data, limiting the convergence rate of the bootstrap estimand. The block length selector of Politis and
White [62] uses the sample autocorrelation function to estimate this optimal block length. This block length selector
is used to choose the block length for each series here.

F I G U R E 5 The sampling methodology for the circular block bootstrap allows blocks to wrap from the end of
the series to the beginning of the series to more efficiently use data near the ends of the series.

Taking θ̂n =
∑n

i=1 Xi to be the quantity of interest and using data for the hourly revenue of the IES over a period
of time, it is possible to estimate the total revenue of the system over the period of time between X1 and Xn with
quantified uncertainty. The hourly system revenue is just a product of the hourly electricity price Pt and the hourly
electricity dispatched to the grid Dt. The observed signal must be stationary to apply the circular block bootstrap
method. The dispatch quantity Dt can reasonably be assumed to be stationary since the capacity of the system is
not changing over time, but the electricity price is not stationary and requires detrending before the circular block
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F I G U R E 6 One week of historical price data from CAISO from January 2022 with 95% confidence bounds for
the series generated by each time series sampling methodology, calculated from 100 samples

bootstrap can be applied. Since the block bootstrap makes no assumptions about the distribution of the observations,
a more simplified detrending procedure can be applied to the electricity price than was applied in Section 5.2.
Only the long-term trends are removed from the signal by applying the scaling transformation of Eq. 23, while the
daily-scale trends are left in tact. Requiring that the block length be at least 24 hours ensures that the these daily
seasonalities are left intact in the bootstrap pseudo-series. After constructing the pseudo-series, the long-term trends
are added back in to the series.

There are several advantages to using a block bootstrap method instead of sampling from a time series model
in some situations. Block bootstrap methods are model-free uncertainty quantification methods, meaning that no
assumptions about the distribution of values or the autocorrelation structure of the data are made when applying
these methods. The modeling assumptions that are made when fitting a time series model, like the VARMA model
described in the previous section, can be limiting when the autocorrelation function may not be well-described
by finitely-many autoregressive or moving average terms. Additional detrending or normalization steps are also
often required for many time series models to be applicable, such as the gaussianizing transformation in Eq. 27.
Furthermore, estimating the uncertainty in system revenue using the VARMA model described earlier requires
extensive sampling, with each time series sample requiring the computationally expensive dispatch optimization
problem to be solved. Using the bootstrap method, the dispatch problem must be solved only for the historical
price data, reducing computational expense by around two orders of magnitude. However, bootstrap methods do
impose some limitations on the analyses that can be conducted. Bootstrap methods are, by definition, limited to
using historical observations. The range of extreme events is limited to those previously observed. The electricity
market that is being modeled is essentially frozen in time, being restricted to the market conditions which produced
the historical data. Time series modeling approaches are more flexible and can incorporate our knowledge of the
physical processes and market behaviors which produced the historical data to analyze evolving markets. Given the
computational savings of the bootstrapping approach, demonstrating its usage in this type of analysis is a valuable
contribution, though its limitations should be kept in mind when comparing these two methodologies.

6 RESULTS & DISCUSSION

The two time series sampling methodologies produce similar time series. The block bootstrap is applied directly to
the time series of hourly revenue, which is a function of the historical price time series, while the VARMA model is
used to first generate synthetic time series data for price before the system dispatch is optimized over each sample.
For the purposes of comparing the two methods, the samples shown are both of electricity price. Figure 6 plots one
week of CAISO historical price data from 2022 along with 95% confidence bounds of 100 samples from each time
series method. The range of samples from each method matches the daily seasonalities in the historical data well.
Over this particular date range, the bootstrap samples appear to have greater variance than the time series model,
though this is not necessarily the case over year-long realizations.
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(a) Baseline Case (b) TES Case

F I G U R E 7 Convergence of standard deviation (equivalent to convergence in variance) for revenue for ERCOT
using the time series model sampling method for (a) the baseline design (no TES) and (b) the design with TES.

The distribution of revenue for each ISO is estimated using sampling of the time series model and block bootstrap-
ping with the historical price data from each ISO. In the time series modeling approach, the estimate of the revenue
variance stabilizes after approximately 100 samples, so 100 samples are used in each case. Variance estimates using
up to 300 samples for ERCOT, both for the baseline system and the system with TES, are shown in Fig. 7, including
bootstrapped 95% confidence intervals about each estimate. In both cases, the variance estimate stabilizes in fewer
than 100 samples, though the confidence bounds continue to decrease with the square root of the number of sam-
ples. The block bootstrap uses 1000 resampled series to estimate the distribution of revenue. It is possible to use an
order of magnitude more samples with the block bootstrap than the model-basd approach because of the reduced
computational expense associated with the method.

Figures 8-10 compare the distribution of annual revenues between the time series (blue) and bootstrap methods
(orange) across ISOs. The dashed vertical lines mark the revenue calculated from each year of the historical price
data used, the mean of which is recorded with the solid vertical line. From the distributions plotted, it can be seen
that the distributions of revenue from both methods are reasonably similar for CAISO and MISO: the location and
scale of the distributions are similar. However, there is a large discrepancy in the two methods’ distributions for
ERCOT. This seems to be caused by the bootstrap method being capable of including price spikes from multiple
past years in a single year’s bootstrap series, causing a strengthening of the distribution’s right tail. In fact, this
discrepancy highlights a limitation of the available data. ERCOT’s historical price data is quite “spiky” relative to
the other two ISOs discussed here, with price spikes far exceeding the magnitude of those seen in the other ISOs.
Given limited historical data, it can be difficult to accurately model those extreme, infrequent spikes using any data-
driven methodology. Additional modeling relying on knowledge of the mechanics of price formulation in deregulated
electricity markets would be warranted for better characterizing the tails of the distribution.

The importance of variance in revenue relative to the other cost uncertainties that have been modeled can be
summarized in Sobol indices for each ISO. The mean of the estimates of variance of NPVrevenue from the time series
sampling method and block bootstrap method is used for the variance of NPVrevenue when calculating the Sobol
indices. The Sobol indices for each ISO are plotted in Fig. 11.

The variance in the NPP CAPEX, NPP OPEX, and TES CAPEX cash flows are constant across ISOs, but the
normalization by the total uncertainty in NPVtot causes the Sobol indices for these costs to vary among regions. In
all cases, the uncertainty in NPP CAPEX is the dominant uncertainty, followed by NPP OPEX. Uncertainty in
TES CAPEX, even assuming a relatively significant amount of uncertainty relative to the mean of that cash flow,
is largely unimportant. There is significant variance in how significantly the revenue uncertainty is across ISOs. In
ERCOT, revenue uncertainty accounted for 18.5% of the total variance in NPVtot but only 7.1% in CAISO and 2.0%
in MISO. In MISO, revenue uncertainty is the least significant source of uncertainty of the sources considered.
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F I G U R E 8 Distribution of annual system revenue estimated using the time series model and block bootstrap method for ERCOT

F I G U R E 9 Distribution of annual system revenue estimated using the time series model and block bootstrap method for CAISO

F I G U R E 10 Distribution of annual system revenue estimated using the time series model and block bootstrap method for MISO
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F I G U R E 11 Sobol indices for variance in total system NPV due to variance in NPP CAPEX, NPP OPEX,
TES CAPEX, and revenue

F I G U R E 12 Distributions of increase in annual revenue due to the use of a thermal energy storage system

Adding a TES component to the system design has the effect of increasing sensitivity to the price time series
uncertainty. This is observed by repeating the sensitivity analysis with an equivalently-sized nuclear reactor that
operates at a constant electrical output. This also follows quite directly from the dispatch optimization. The system
that includes a TES component sells more electricity during high price periods and less electricity during low price
periods compared to the constant dispatch system. For a given price time series, this dispatch strategy increases
the high values of the revenue time series while also decreasing its low values; this is an increase in variance. Both
designs are evaluated over the same set of 100 synthetic histories so the direct effect of adding a TES component to
the system can be observed. The distribution of increase in revenue from adding the TES for each ISO is shown in
Fig. 12.

One immediately apparent effect of adding the TES system is the increase in revenue seen in every ISO due to
the system dispatch policy being able to favor high price periods. The mean annual revenue increased by $37.3M in
ERCOT, $27.6M in CAISO, and $15.4M in MISO. Comparing the spread of the distributions, the standard deviation
of the revenue distribution increased by $10.8M in ERCOT, $2.5M in CAISO, and $0.6M in MISO. In summary,
all ISOs saw in increase in both the mean and variance of the revenue distribution with the addition of TES to the
system design, but the degree of this effect was most pronounced in ERCOT.

Finally, one obvious question remains when comparing these cases: does the increased revenue exceed the cost of
the TES system? For the assumed discount rate and inflation rate, the distribution of total TES CAPEX values
for the system form a uniform distribution between $16M and $82M. Returning to Fig. 12, it can be seen that the
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distribution of revenue increase falls entirely within this range for ERCOT and CAISO, and the distribution for
MISO lies about the lower bound of that range. Therefore, this system design may not be appropriate for the MISO
market. However, the system design has not been optimized for each market in this study, and this may not be the
case for all system configurations.

7 CONCLUSIONS

A nuclear hybrid energy system consisting of a nuclear power plant (NPP) and a thermal energy storage (TES) system
is modeled in three US deregulated electricity markets. The uncertainties in NPP capital and operating expenses,
TES capital expenses, and revenue generated by selling electricity in the day-ahead electricity market are quantified.
A block bootstrap approach for quantifying uncertainty in the electricity price and its effect on plant revenue is
introduced and provides an approximately 100-fold reduction in computation time compared to the ARMA-based
Monte Carlo methodology used in previous studies. This block bootstrap approach also makes no assumptions about
the distribution of data or its autocorrelation function, which are limiting assumptions of the ARMA-based models.
In addition, the distribution of annual revenue estimated by the block bootstrap method for ERCOT appear to
better fit the annual revenue calculated for the historical data over the years collected, indicating that the time series
model may have been unable to adequately model the price spikes in the extreme right tail of the distribution of
electricity price which contribute significantly to overall plant economics.

Across all three ISOs considered, NPP capital expenses are the leading source of uncertainty in total system
NPV, followed by NPP operating expenses. Between 2.0% (MISO) and 18.5% (ERCOT) of the total NPV variance
is attributed to uncertainty in revenue. The uncertainty in TES capital costs contributes only 4-5% of the overall
variance. For markets with minimal uncertainty contribution from revenue, it may not be worthwhile to model in
great detail. However, in regions such as ERCOT, it is a significant source of uncertainty and should be included in
techno-economic analyses if the uncertainty in NPV is to be adequately quantified. While this revenue uncertainty
may not be the leading source of uncertainty for new-build advanced nuclear plants, it is an uncertainty source that
will exist for the generator across its lifetime but change over time, as well, as renewable energy penetration increases,
existing fossil fuel electricity generators are retired, and broad electrification across economic sectors continues.
Future analyses considering greater penetration of wind, solar, nuclear, and other low-emission energy sources in
deregulated electricity markets may be able to show how significant this uncertainty will change as the electricity
generation infrastructure is decarbonized to meet national emissions goals.

Every regional electricity market has its own characteristics. This study considered only three US markets. Ex-
tending this sensitivity analysis to other competitive foreign and domestic markets would benefit the robustness of
the conclusions drawn here and would be beneficial for guiding deployment of advanced reactor systems in diverse
markets. Additionally, the sensitivities calculated here are a function of the optimal system dispatch and therefore
the system design, so extending this analysis to additional designs, especially those with a greater diversification of
end-use energy products, is of great interest for further study.
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