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Nuclear power supplies reliable low-carbon electricity and high-temperature
heat, but existing plants face growing pressure to operate more flexibly in
markets with rising renewable penetration. Coupling nuclear reactors with
hydrogen production through high-temperature electrolysis may improve
flexibility and create additional value, yet its economic potential remains
uncertain. Here we show that integrating nuclear generation with hydrogen
production and ancillary service participation can substantially improve the
economics and operational flexibility of nuclear energy systems. Using an
hourly optimization model linked to lifecycle techno-economic analysis, we
find that retrofitting existing reactors with high-temperature electrolysis
increases average net present value from about -$1.06 billion to about $240
million without policy support, while expanding flexible output by more than
115 MW for most reactors. Policy incentives, cost reductions, and optimized

market participation further strengthen the value of nuclear-hydrogen sys-
tems for reducing costs and supporting grid reliability.

Nuclear power, as a high-energy-density and highly reliable energy
source, has historically played a vital role in providing firm baseload
electricity and enhancing energy security'>. Expanding its share can
therefore contribute substantially to the stability and resilience of
national energy systems*°. Although past concerns over the economic
viability of existing nuclear plants in competitive markets have eased in
recent years, the rapid transition toward high-penetration renewable
energy systems continues to reshape operational requirements for
nuclear generation, particularly the need to provide greater flexibility
while maintaining cost competitiveness® .

In today’s United States (U.S.) power markets, new large nuclear
units face steep overnight capital costs ($6000-$12,000 kW™) and long
development timelines, even as electricity systems become more
dynamic and price-volatile’*. At the same time, demand for firm, 24/7
supply is rising, partly due to data-center growth, and is leading to
higher regional load forecasts and renewed interest in long-term

procurement of dependable capacity by utilities and large
offtakers™ ™. These countervailing forces mean that conventional
baseload operation remains economically viable in many contexts,
especially with policy support for the existing fleet, but also that there
is a growing opportunity for nuclear to augment its role through
flexible configurations that can capture additional market and system
value where merchant exposure is material'®"”.

While the development of next-generation nuclear technologies
continues, there is significant yet underexplored potential for retro-
fitting existing reactors'. Nevertheless, the economic and technical
feasibility of such retrofits remains uncertain and highly context-
dependent”'. Underpinned by policy support, technology readiness,
and electricity market conditions, a systematic evaluation of the eco-
nomic viability, operational flexibility, and integration potential of
nuclear plants is urgently needed to inform the future role of nuclear
power in the evolving energy landscape’**” (Fig. 1a, b).
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As the role of nuclear power undergoes global reconfiguration,
national contexts exhibit diverging trajectories and challenges™?. In the
U.S., home to the world’s largest installed nuclear capacity, nuclear
power stands at a critical inflection point, facing pronounced concerns
over cost competitiveness and system flexibility***. The U.S. fleet cur-
rently comprises 93 operating reactors, contributing approximately 18%
of national electricity generation’*%, Yet, the increasing penetration of
subsidized renewable generation, despite its variable availability, exerts
significant downward pressure on electricity prices, rendering tradi-
tional baseload nuclear operations economically unsustainable'. Over
the past decade, more than a dozen nuclear units have been prema-
turely retired, and new construction remains limited: aside from the
recent connection of Vogtle Units 3 and 4 in Georgia, no new com-
mercial nuclear units have come online in the last 15 years®°. Further-
more, limited ramping capability constrains the role of existing nuclear
plants in systems with high shares of variable renewables. In this context,
integrating hydrogen production technologies such as low- or high-
temperature electrolysis (L/HTE) into existing nuclear plants emerges as
a promising approach®. This strategy not only allows nuclear units to
operate more flexibly by shifting output toward hydrogen production
during low-price or low-demand periods, but also creates new revenue
streams from hydrogen sales for industrial and transport applications,
while enabling cross-sectoral solutions to energy adequacy challenges.
Several pilot projects supported by the U.S. Department of Energy,
including Nine Mile Point, Palo Verde, and Davis-Besse, explore the
coupled nuclear-hydrogen pathway, reflecting continuing policy and
industry interest”>'. Concurrently, the U.S. government announces
ambitious expansion targets: an additional 35 GW of nuclear capacity by
2035 and 200 GW or more by 2050%. Achieving these targets requires
not only the deployment of advanced and small modular reactors
(SMRs), but also the lifetime extension, retrofit, and integration of
existing plants with emerging technologies®*”. A robust techno-
economic assessment of nuclear-hydrogen hybrid systems, accounting
for market structures, policy incentives, and regional resource condi-
tions, is therefore essential to determine their feasibility, cost-effec-
tiveness, and deployment value (Fig. 1c, d).

To address these challenges, this study presents a system-level
techno-economic assessment of integrating electrolysis-based hydro-
gen production into existing U.S. nuclear power plants (NPPs)*. This
approach evaluates the potential of nuclear-hydrogen hybrid systems
to enhance operational flexibility and expand revenue opportunities.
Focusing on the seven major U.S. independent system operators
(ISOs), which feature heterogeneous electricity price structures and
ancillary service market designs, the analysis quantifies how regional
market mechanisms affect the economic performance of nuclear-
hydrogen systems**. The dispatch model incorporates key opera-
tional constraints, including ramping limits, start-up costs, variable
efficiency, and part-load performance®°. Hourly simulations char-
acterize power allocation between electricity sales, hydrogen pro-
duction, and grid service provision. The analysis compares the
financial outcomes of baseline (business-as-usual) operations against
retrofit and new-build hybrid configurations, evaluating differences
across 60- and 80-year plant lifetimes*’. Results include the breakdown
of revenue sources (electricity, hydrogen, ancillary services), estimates
of levelized costs (energy and hydrogen), and the cost composition of
hydrogen production. In addition, the study explores how policy
incentives such as investment and production tax credits affect system
profitability and deployment feasibility across diverse market con-
texts, providing quantitative decision support for regional nuclear-
hydrogen integration strategies (Fig. 2).

Results

Economics and revenue diversity of nuclear-hydrogen systems
In the U.S., wholesale electricity is traded through regional markets that
are operated by ISOs. ISOs are responsible for maintaining real-time

system balance and reliability, while also clearing and settling compe-
titive wholesale markets. In practice, they run an energy market (typi-
cally day-ahead and real-time) in which generators are dispatched and
compensated based on locational marginal prices (LMPs), and they also
procure ancillary services (e.g., regulation and operating reserves) that
provide short-term balancing and contingency response. In addition,
resource adequacy can be supported through forward capacity
mechanisms in some regions (Pennsylvania-New Jersey-Maryland Inter-
connection (PJM), Independent System Operator New England (ISO-NE),
and New York Independent System Operator (NYISO)), whereas others
rely primarily on energy-only or alternative adequacy constructs (Elec-
tric Reliability Council of Texas (ERCOT), Midcontinent Independent
System Operator (MISO), Southwest Power Pool (SPP) and California
Independent System Operator (CAISO)). Given this heterogeneity, our
analysis focuses on the market components that directly govern short-
term dispatch and value-stacking opportunities, namely the energy and
ancillary service markets, while treating capacity-related considerations
as part of the broader regional context.

Against this market background, we analyzed 42 nuclear reactors
from the 93 operating commercial units in the U.S., selecting those
with over 10 years of remaining operational lifetime across all seven
major ISO regions®™. Each unit was modeled with integrated high-
temperature electrolysis and optional energy storage, with hourly
dispatch optimized under representative market conditions. The
resulting operational strategies formed the basis for a discounted cash
flow Techno-Economic Analysis (TEA) under four scenarios: baseline
operation (Case 1), retrofit with hydrogen and storage systems (Case
2), new-build integrated systems (Case 3), and lifecycle/policy com-
parisons (Case 4). This section examines the economic viability of
existing nuclear assets and the incremental value introduced by
hydrogen integration.

Conventional nuclear plants, operating as inflexible baseload
resources under current electricity market structures, face significant
economic headwinds. In Case 1, 41 of the 42 reactors exhibit negative
net present values (NPVs) over their remaining lifetimes, with an
average deficit of $1.06 billion. While the production tax credit (PTC)
(45U) improves the average NPV by $740 million, more than half of the
units remain unprofitable. These findings indicate that federal incen-
tives, though beneficial, do not address the fundamental structural
limitations. Without enhanced flexibility or diversified revenue
streams, conventional nuclear facilities are unlikely to achieve financial
self-sufficiency (Fig. 3a).

Retrofit configurations with hydrogen systems (Case 2) mark a
pivotal economic shift. A majority of units (61.9%) achieve positive
NPVs even in the absence of subsidies, with the average NPV rising to
$240 million and a mean internal rate of return (IRR) of 10.2%. Twenty-
four reactors achieve payback within four years, reflecting both com-
mercial viability and investment stability. Post-retrofit, average annual
revenues reach $510 million, with contributions from hydrogen sales
and ancillary service markets. Ancillary service revenues, averaging
$12.3 million annually (approximately 2.4% of total revenue), demon-
strate how flexible dispatch enables nuclear plants to capture value
during periods of low wholesale energy prices. These results under-
score that hydrogen-enabled flexibility enhances asset utilization while
establishing a compounding value mechanism anchored in market-
responsive operations (Fig. 3b).

Federal incentives further enhance financial viability across sce-
narios. In Case 2, the 45U credit, in addition to increasing the average
NPV by $740 million, further reduces payback periods to under two
years and substantially improves project bankability. In new-build
cases (Case 3 and 4), Clean Electricity PTC (45Y) and Clean Electricity
Investment Tax Credit (ITC) (48E) reduce the levelized cost of hydro-
gen (LCOH) from $22.2 kg™ to $16.0 kg™, narrowing financial gaps even
as NPVs remain negative. Extending system lifetimes from 60 to 80
years reduces the LCOH by approximately $0.15kg™ but further
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Fig. 1| Installed capacity and costs of commercial nuclear power across
countries. a Overnight capital costs of nuclear construction in major countries.
Most countries report values exceeding $2000 kW™ with the U.S. surpassing $4000
per kW’ b Comparison of nuclear levelized cost of electricity (LCOE) with other
sources. In most countries, nuclear LCOE exceeds that of solar photovoltaic (PV)
($47 MWh™) and onshore wind ($40 MWh™). In the U.S., initial capital expenditures
account for over 50% of the total LCOE, highlighting investment cost as a dominant
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driver’>*, ¢ Changes in global nuclear capacity over the past 20 years, reported in
five-year intervals (A, added; R, retired). While total installed capacity has slightly
increased, most traditional nuclear countries show declining trends****".

d Country-level nuclear capacity trends. Over the past two decades, nuclear addi-
tions have primarily occurred in China and other emerging markets, whereas tra-
ditional nuclear countries---led by the U.S.---have seen substantial retirements.
Germany has fully phased out its nuclear fleet***’.
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Fig. 2 | Modeling framework for the nuclear-hydrogen energy system optimi-
zation. The techno-economic analysis (TEA) framework consists of two main

components. The first is an optimization model for the nuclear-hydrogen system,
which incorporates system characteristics, electricity and ancillary service market

data, and operational constraints to determine the optimal configuration and dis-
patch strategy. The second component uses the optimization outputs, policy
incentives, and cost parameters to evaluate the system’s techno-economic per-
formance and compute key financial metrics, including net present value (NPV).

decreases the NPV by around $85 million for newly built nuclear-
hydrogen systems. While the reduction in LCOH reflects improved
capital cost amortization, the extended operational horizon increases
cumulative long-term operation and maintenance (O&M) expenses,
resulting in more negative NPVs under current cost structures (Fig. 3¢).

Significant economic heterogeneity is observed across ISO
regions, influenced by electricity price dynamics, ancillary service
market design, and dispatch opportunities. ISO-NE and CAISO units
achieve the highest average NPVs ($570 million and $360 million,
respectively), while MISO and SPP units remain negative on average.
PJM assets benefit from relatively high ancillary service revenues
(nearly 4% of total income), whereas ERCOT units, despite high capa-
city factors, are constrained by low price volatility and limited surplus

capacity. These regional disparities underscore the importance of
location-specific modeling for evaluating retrofit potential (Fig. 3d).

Operational flexibility and ancillary services

To assess the flexibility enhancements enabled by system integration, a
comprehensive analysis was conducted across all available ancillary
services in the seven US. ISOs, considering each service’s pricing
structure, deployment frequency, and technical requirements.
The modeling framework simulates bidding and deployment outcomes
for Regulation Up/Down, Spinning/Non-Spinning Reserves, and Flex
Ramp products where applicable. Reactor-specific technical constraints
and operational limits of HTEs, including ramp rate limits, thermal
inertia, and minimum stable load thresholds, are explicitly incorporated.
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costs, with electricity input and capital investment representing the dominant cost
components. ¢ NPV of newly built nuclear-hydrogen systems under 60- and 80-year
lifespans and three policy scenarios: no credit, the Section 45Y production tax
credit (45Y PTC), and the Section 48E investment tax credit (48E ITC). New-build
systems remain NPV-negative under current cost assumptions, although policy
incentives improve project economics. The 48E ITC provides the largest
improvement, followed by the 45Y PTC. d Revenue composition of hybrid systems
across seven ISO regions. Electricity sales provide the largest revenue stream, fol-
lowed by hydrogen-related revenues from direct sales and the Section 45V
hydrogen production tax credit (45V PTC). Ancillary service revenues contribute a
smaller but additional value stream enabled by flexible hybrid operation.

The model also accounts for energy allocation trade-offs between
electricity export, hydrogen production, and battery storage (where
applicable). While some nuclear power plants in North America have
demonstrated the capability to adjust output, such as daily load-
following within a limited range, most have historically operated pri-
marily as baseload generators, with minimal operational flexibility and
no participation in ancillary service markets. Therefore, any observed
increase in ramping capability, output variability, or ancillary service
engagement within the integrated system represents a fundamental
departure from conventional nuclear operation.

The integrated system exhibits a pronounced improvement in
operational flexibility compared to conventional nuclear plants. Grid
output variability, historically negligible for baseload units, becomes
significantly more dynamic: the average coefficient of variation across
all systems reached 2.14%, with a maximum of 4.16%. The dispatchable
output range exceeded 115 MW for most systems, with a peak of
162.3MW. This was further supported by an average maximum
ramping capability exceeding 121MW h™ and peak ramp rates sur-
passing 162 MW h! for the most responsive units. On average, the
integrated systems experienced over 500 ramping events annually,
with some registering more than 950 events, highlighting a substantial
increase in sub-hourly dispatch activity. Collectively, the systems
delivered over 145,000 MWh of energy annually through ancillary
service deployment, representing approximately 1.7% of total genera-
tion across all units. This contribution, rising from a baseline of zero

ancillary service participation, underscores the transition of integrated
systems toward a service-responsive generation paradigm (Fig. 4a).

Turbine-level flexibility was similarly enhanced. The turbine out-
put range averaged 7.33 MW, with several units exceeding 9 MW. The
turbine flexibility factor, a normalized measure of ramping potential,
averaged 0.0065, reaching a peak of 0.0114. These metrics indicate a
shift from static baseload operation toward active participation in
intra-hour balancing. The number of turbine-associated ramping
events ranged from 260 to over 950 per year, evidencing a marked
increase in short-term dispatch responsiveness.

HTEs played a pivotal role in system-level flexibility by operating
as stable yet responsive loads. With a capacity factor averaging 97.95%
and continuous operation across all 8,760 hours, HTEs effectively
absorbed excess generation while maintaining operational stability.
Despite this constant operation, the average cycling frequency was
below 0.07 per hour, reflecting minimal operational stress. A strong
correlation between HTE cycling and high-frequency grid ramping
activity was observed in 75% of units, suggesting dynamic coordination
between generation variability and load absorption. In aggregate,
HTEs consumed over 630,000 MWh of electricity annually, repre-
senting more than 7% of total system output. This substantial share
highlights their role in improving flexibility, stabilizing operations, and
creating headroom for ancillary service participation without com-
promising reliability. Together, turbines and HTEs form a tightly cou-
pled flexibility backbone, enabling nuclear-hydrogen systems to meet
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generated electricity is exported to the grid, with the remainder used to power the
HTE, supply ancillary services, and meet balance-of-plant (BOP) demand. ¢ Hourly
energy distribution breakdown. Consistent with the annual trend, most reactor
energy is converted to electricity for export, followed by hydrogen production,
ancillary services, and BOP, demonstrating efficient intra-system energy manage-
ment. d Average share of reactor energy used for ancillary services across regions.
Most regions maintain a 5--8% share, reflecting the system’s active participation in
ancillary markets. In contrast, ISO New England (ISO-NE) exhibits a lower share
(2.7%) due to limited ancillary service offerings.

grid balancing demands previously inaccessible to standalone reactors
(Fig. 4b, c).

The flexibility gains extend beyond technical improvements to
generate economic value via participation in ancillary service markets.
Simulation results indicate that all reactors successfully submitted
offers for Regulation Up and Down services, with average offer sizes
ranging from 20 to 40 MW per unit and offer variability exceeding 25%
in over 60% of reactors. More than 80% of reactors achieved deploy-
ment frequencies above 0.3 for at least one ancillary service. In regions
such as MISO, where RegDown products are available, deployment
frequencies surpassed 0.6, significantly higher than median values in
other regions. In ERCOT, some reactors secured over 3000 MWh of
annual deployment through Non-Spinning Reserves. These patterns
demonstrate that system flexibility interacts with ISO-specific service
structures to create differentiated revenue streams. Therefore, the
observed flexibility is both measurable and monetizable, with region-
ally dependent economic benefits (Fig. 4d).

Sensitivity analysis

We conducted three groups of sensitivity analyses to assess how key
technical and economic parameters shape the performance of the
nuclear-hydrogen integrated system. The first two analyses focus on a
representative 1000 MWy, (380MW,) nuclear facility operating within
the ERCOT market framework. The first analysis explores the impact of
nuclear fixed O&M costs on NPV and levelized cost of electricity
(LCOE), while the second investigates how upper bounds on HTE
capacity in the optimization model affect system operations and
market performance. To further examine how broader market condi-
tions may influence system economics, we introduce a third sensitivity

analysis that evaluates alternative electricity price environments.
Unlike the first two analyses, which focus on a representative reactor,
this market-price sensitivity analysis is conducted across all reactors
included in this study to capture regional market heterogeneity and
maintain consistency with the reactor-level scope of the results pre-
sented earlier.

In the first analysis, we varied nuclear fixed O&M costs from $170k
MW™ to $290k MW™. Under the business-as-usual (BAU) (Case 1) sce-
nario, even the lowest cost level fails to yield a positive NPV without tax
credits, underscoring the inherent economic limitations of traditional
nuclear systems. In contrast, the hybrid system shows strong eco-
nomic sensitivity to this parameter. At $170k MW, NPV increases by
over 130% compared to the baseline, reaching $182 million. However,
at $290k MW, NPV declines by more than 370%, turning negative.
These results suggest that cost control of fixed O&M is critical for
realizing economic gains from hybridization. Although the LCOE of the
BAU system is less sensitive to this variable, a modest decrease is
observed with lower O&M costs, as O&M accounts for only a small
share of the LCOE while its effect on NPV accumulates over
time (Fig. 5a).

In the second analysis, we examined the effect of varying the
upper bound on HTE capacity in the optimization model, ranging from
100 MW to 300 MW. Although the model consistently selects the
highest allowable value, the system response changes significantly. As
the capacity limit increases, peak hourly hydrogen sales rise from
2217 kg h™ to 4762 kg h™™. When the limit is reduced below 200 MW,
both the optimal hydrogen tank size and hydrogen sales volume
decline. Increasing the limit beyond 200 MW leads to only marginal
changes in tank size, but hourly hydrogen output remains high.
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Fig. 5 | Sensitivity analysis of key system parameters. a Nuclear fixed operation
and maintenance (O& M) cost sensitivity of net present value (NPV) under business-
as-usual (BAU) and hybrid operation, showing that BAU remains unprofitable over
the tested range, whereas hybrid-system profitability depends strongly on O& M
cost control. b Effects of high-temperature electrolysis (HTE) capacity limits on
hydrogen-system sizing and production, with lower limits reducing hydrogen
storage capacity and hourly sales, while larger limits sustain higher production with
reduced storage dependence. ¢ Revenue response to HTE capacity limits, showing
that larger HTE capacities increase total revenue and strengthen hydrogen and
ancillary-service value streams, although hydrogen revenue declines slightly at the

Electrolyzer Capacity (MWe)

highest capacity because of reduced utilization. d Ancillary-service performance
under different HTE capacity limits, showing that larger HTE capacities expand
bidding capability and shift dispatch toward higher-value services such as regula-
tion. e Grid power output range under different HTE capacity limits, showing that
increased hydrogen production lowers average grid export but expands dis-
patchable output flexibility until constrained by total system energy availability.
f Average ramp-rate response to HTE capacity limits, showing that flexibility
increasingly shifts from the turbine to the HTE as capacity increases, with further
ramping gains limited by system energy constraints.

Smaller HTE limits push the system to maximize storage utilization to
sustain output. Conversely, larger HTE limits allow higher production
rates that offset the need for extensive storage, even as utilization
factors decline from 0.98 to 0.83 due to reactor energy con-
straints (Fig. 5b).

Total system revenue increases with higher HTE capacity limits,
growing from $187 million at 100 MW to over $318 million at 300 MW.
The share of hydrogen-related revenue also rises initially but drops
slightly at 300 MW due to decreased utilization. In contrast, ancillary
service revenue increases non-linearly, from 2.4% to 7.5% of total
income, driven by enhanced system flexibility and market participa-
tion. This divergence reflects how HTE scaling not only affects energy
production but also alters the balance of revenue sources, especially
under flexibility-constrained scenarios (Fig. 5c).

As HTE capacity limits increase, the system bids more aggressively
in ancillary service markets. Bid volumes grow across all service types,

particularly for high-value regulation services. Beyond 200 MW, the
bidding strategy prioritizes services with high deploy rates and eco-
nomic returns, while maintaining reasonable bids for lower-value ser-
vices. Even though bid volumes for some products decrease, actual
deployment continues to rise, indicating that the system leverages its
enhanced flexibility to pursue profit-optimized dispatch
modes (Fig. 5d).

Net grid output declines from 273 MW to 154 MW as more energy
is redirected to hydrogen production. However, the output range
expands from 39 MW to 120 MW, with maximum flexibility achieved at
the 250 MW limit. This behavior confirms that higher HTE capacities
improve dispatchability, although further gains are limited by total
system energy availability beyond this point (Fig. Se).

HTE ramp rates rise with capacity, increasing from 0.89 MW h™ to
2.18 MW h'%, Turbine ramp rates also initially rise, but peak at 200 MW
and then decrease from 020MWh™ to 016 MWh™. This shift
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Fig. 6 | Electricity-price sensitivity of the nuclear-hydrogen system across all
reactors. a Boxplots show the distribution of net present value (NPV) across all
reactors for each electricity-price scaling scenario. Blue boxplots represent the no-
45U case, and pink boxplots represent the case with the Section 45U production tax
credit (45U PTC); solid gray lines indicate the mean NPV for the no-45U case, and
dashed gray lines indicate the mean NPV for the 45U case. The annotations report
the number and share of reactors with positive NPV in each scenario, illustrating
how profitability thresholds shift with electricity-price levels and policy support.
Center lines indicate medians, boxes indicate the interquartile ranges, and whiskers
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extend to 1.5 times the interquartile range. b Stacked bars show the revenue shares
from electricity sales, hydrogen, and ancillary services under each electricity-price
scenario, where bar width is proportional to total annual revenue (values anno-
tated). As electricity prices increase, the system’s value stream progressively shifts
toward higher energy-market revenues, while hydrogen revenues decline and
ancillary-service revenues remain relatively stable. The overlaid line reports the
median annual hydrogen production across reactors, indicating that hydrogen
output decreases as electricity prices rise, consistent with a reallocation of nuclear
generation from electrolysis toward electricity sales.

indicates that flexibility responsibilities increasingly shift to the HTE,
relieving mechanical stress on the turbine and allowing more dynamic
system response. At high capacities, total system energy constraints
cap further improvements in ramp performance (Fig. 5f).

For the electricity price sensitivity analysis, the 2024 electricity
price profile used in the baseline model serves as the reference sce-
nario. However, electricity prices may vary significantly over time due
to changes in energy demand, fuel costs, and generation mix. Histor-
ical data from the U.S. Energy Information Administration (EIA) show
that the national average electricity price increased by approximately
28% over the past five years*®, highlighting the potential for substantial
price variation in future market environments. To capture this uncer-
tainty, we construct six alternative price scenarios by adjusting the
baseline electricity prices by -10%, - 5%, + 5%, +10%, +20%, and
+30%. A greater number of upward scenarios are included to reflect
the recent upward price trend and the possibility of increased elec-
tricity demand driven by factors such as the rapid expansion of data
centers and broader electrification. At the same time, downward sce-
narios are also considered to represent potential price reductions
associated with large-scale renewable deployment and expanded
generation supply. This analysis allows us to systematically evaluate
how variations in electricity prices may influence the economic viabi-
lity of nuclear-hydrogen hybrid systems under different market
environments, thereby capturing potential interannual variability in
electricity prices and providing a broader representation of plausible
future market conditions.

Across the electricity price scenarios, the retrofit hybrid config-
uration (Case 2) shows a monotonic improvement in profitability,
while retaining substantial cross-reactor heterogeneity (Fig. 6a).
Without 45U, the share of reactors with positive NPV increases from 21/
42 (50%) at —10% to 28/42 (67%) under the 2024 baseline, and reaches
42/42 (100%) at +20% and + 30%. The mean NPV correspondingly
shifts from - $29 million at - 10% to $182 million at the baseline and
$791 million at + 30%. With 45U, profitability is more resilient under
low-price conditions, rising from 34/42 (81%) positive-NPV reactors at
- 10% to 42/42 (100%) from the baseline onward, and the mean NPV
increases from $361 million at —10% to $611 million at the baseline and
$1.30 billion at + 30%.

Revenue decomposition indicates that rising electricity prices
primarily increase total revenues through electricity sales, while the
other value streams adjust more modestly (Fig. 6b). Total annual rev-
enues increase from $14.9 billion at - 10% to $16.0 billion at the

baseline and $19.3 billion at +30%. Over this range, the energy revenue
share increases from 63.7% to 71.7%, the hydrogen revenue share
declines from 33.0% to 25.0%, and ancillary-service revenues remain
relatively stable at around 3.3%. This pattern reflects an opportunity-
cost mechanism: higher electricity prices raise the marginal value of
selling power to the grid, reducing the incentive to allocate nuclear
output to electrolysis and shifting value toward energy-market rev-
enues. Consistent with this rebalancing, median annual hydrogen
production decreases modestly from 41.19 to 40.80 million kilograms
as electricity prices rise. The revenue and production responses illus-
trate how shifts in electricity price conditions propagate through the
integrated configuration via opportunity costs, reshaping operating
incentives and the relative contribution of each value stream, and
thereby provide a transparent assessment of economic robustness
across a broad range of plausible market environments.

Discussion
The U.S. nuclear fleet faces growing economic pressure in energy-
only markets, where the inflexible nature of conventional baseload
operation limits its ability to adapt to increasing renewable pene-
tration and price volatility”. Our findings highlight that nuclear-
hydrogen hybridization, specifically through HTE, offers a viable
pathway to enhance both the operational flexibility and economic
viability of these assets*’. By enabling dynamic reallocation of ther-
mal output among electricity generation, hydrogen production,
and ancillary services, hybrid systems allow nuclear plants to
respond to market signals and provide multi-vector energy services.
This integrated configuration not only diversifies revenue streams
but also repositions nuclear power as a flexible, low-carbon energy
platform capable of supporting both grid reliability and clean fuel
production.

Our analysis demonstrates that retrofitting existing reactors with
HTE can substantially improve investment performance compared to
the baseline case. The addition of hydrogen production reduces reli-
ance on low wholesale power prices and captures emerging hydrogen
market value, resulting in more favorable financial outcomes. While
standalone hydrogen systems also show strong economic potential,
particularly where low-cost electricity is available, integrated nuclear-
hydrogen systems maximize synergies by using the stable, continuous
thermal and electrical output of reactors. Federal incentives such as
45U, hydrogen production subsidy (45V), 45Y, and 48E play a critical
role in narrowing cost gaps, but their effectiveness varies by
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configuration and region, highlighting the importance of both tech-
nology improvements and supportive market mechanisms.

A key insight from this study is that flexibility is as important as
cost reduction in achieving commercial viability. By enabling dynamic
operation, integrated systems can participate in ancillary services,
mitigate price volatility, and reduce curtailment, which collectively
enhance total project value even if the LCOE rises due to additional
investments. This value-stacking capability demonstrates that the
profitability of hybrid nuclear-hydrogen projects is determined not by
energy cost alone but by their ability to provide system-level services
that are increasingly valuable in high-renewable grids.

Regional market characteristics strongly influence the achievable
benefits of nuclear-hydrogen integration. Markets with robust ancillary
service mechanisms and price variability offer greater opportunities
for revenue diversification, while regions with suppressed power pri-
ces benefit from converting excess generation into clean hydrogen.
These regional dynamics indicate that deployment strategies must be
tailored to specific market conditions, and that regulatory frameworks
should evolve to reward the flexibility and reliability that hybrid
nuclear systems provide.

Sensitivity analysis underscores the importance of cost control
and system design. Fixed operations and maintenance costs of nuclear
reactors and the sizing of HTE capacity emerge as dominant drivers of
project viability. Reducing O&M costs and optimizing electrolyzer
sizing can significantly enhance returns, while misalignment between
design choices and market conditions can erode value. In addition, the
electricity price sensitivity analysis highlights that market price con-
ditions can systematically reshape both profitability and operational
incentives through opportunity-cost effects, shifting value between
electricity sales and hydrogen production. These findings emphasize
the need for integrated planning that considers both economic and
technical factors when deploying hybrid systems, and for evaluating
performance robustness across a range of plausible market environ-
ments rather than under a single historical price realization.

Looking forward, a phased deployment strategy is essential. Initial
projects should focus on sites with favorable economic conditions,
established hydrogen demand, and active ancillary service markets.
Early deployments will provide critical operational experience, reduce
perceived risk, and generate cost learning effects that can be leveraged
in subsequent projects. Over time, scaling nuclear-hydrogen systems
will contribute to lowering overall energy transition costs by offering a
firm, flexible, and reliable energy supply, as well as producing afford-
able hydrogen for industrial and transportation sectors.

At the system level, hybrid nuclear-hydrogen plants can deliver
multiple benefits beyond individual project economics. They can sta-
bilize renewable-heavy grids, reduce reliance on fossil backup, and
supply clean hydrogen for industry and transportation, effectively
bridging the gap between the power and hydrogen sectors. These
contributions are particularly valuable during the transition to a fully
integrated energy system, where flexible, dispatchable, and carbon-
free resources are critical.

Nevertheless, this study has limitations that should guide future
research. Hydrogen price trajectories, regional demand profiles, and
policy environments remain uncertain, and our modeling does not
fully capture the potential impacts of future market evolution or
broader sectoral integration (e.g., ammonia, synthetic fuels, or carbon
capture). In particular, we treat electricity and hydrogen prices as
exogenous inputs and do not explicitly model endogenous price for-
mation and strategic feedback between coupled electricity-hydrogen
markets. Recent studies have proposed equilibrium- and game-
theoretic formulations (e.g., bi-level Stackelberg or market-clearing
models) to capture these interdependencies and price-maker
behavior®. Future work could integrate such coupled market repre-
sentations with plant-level operational optimization to quantify how
large-scale deployment of nuclear-hydrogen systems may influence

market prices and, in turn, project economics. In addition, the present
framework does not explicitly incorporate capacity market revenues
or accreditation effects, which may represent an important compo-
nent of nuclear plant economics in several U.S. ISO regions. Because
capacity compensation depends on ISO-specific qualification, derat-
ing, deliverability, and forward market clearing rules rather than
hourly dispatch alone, rigorously assessing the effect of
nuclear-hydrogen integration on capacity payments would require a
dedicated representation of regional capacity market mechanisms.
Future work should therefore extend the current framework to eval-
uate how hydrogen integration may affect accredited capacity and
capacity-market revenues under different ISO rules. Further engi-
neering assessments and lifecycle analyses of HTE systems are needed
to refine cost and performance assumptions.

Nuclear-hydrogen hybridization offers a compelling strategy to
enhance the economic resilience and strategic role of nuclear power in
a decarbonized future. Realizing this potential will require a combi-
nation of cost reduction, flexible operation, targeted incentives, and
market designs that reward both low-carbon, reliable energy and grid
services. By redefining nuclear power as a versatile energy hub rather
than a static baseload source, this approach can strengthen the path-
way to a more integrated energy system while unlocking new value
streams for legacy and future nuclear assets.

Methods

Optimization model formulation

This section presents the mathematical formulation of the techno-
economic optimization model for the Integrated Energy System (IES).
The model is formulated as a Mixed-Integer Linear Program (MILP) to
maximize the annual profit of the system by co-optimizing its partici-
pation in various energy and ancillary service markets. The core of the
model consists of an objective function to be maximized, subject to a
series of physical, operational, and economic constraints that govern
the behavior of the system components. These components include an
NPP, a water electrolyzer for hydrogen production, a battery energy
storage system (BESS), and hydrogen storage.

Objective function. The objective of the model is to maximize the
total profit (/7) over the optimization horizon. Profit is defined as total
revenues minus total operational and annualized capital costs, as
shown in equation (1).

M= (RE + RHZ +RAS) _ (COPEX + CCAPEX) (1)

Revenue components. Revenue from selling electricity to the grid
minus the cost of purchasing electricity from the grid is defined in
equation (2).

RE=N"At- A7 - (pie — pp) @

teT

Revenue from selling hydrogen, including any production sub-
sidies, is defined in equation (3). This revenue is based on sales from
storage, while subsidies are based on total production.

R = ZAt' ((mimr,out +m4£~lz,market) A +m'72 ./le,sub> 3)
teT

Revenue from participating in ancillary service markets is defined
in equation (4). This includes payments for capacity reservation and
energy/performance payments upon deployment. The formulation
varies by market. For a generic reserve service s:

RS=3"At. (bm Wy AP+ EnergyPayments) 4)

teT
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where the energy payment for service sis givenby b, ;- w, ¢ - 6, ; - /lf .
Cost components. The sum of all variable operational costs is
defined by equation (5).

OPEX  _ turb, vom turb elec, vom [ H,0 .H.
COMX = Yac-(cC - piurt + celecrvom  pelec 4 CH:0 .yt

b.ch | pb,dis .
+ Cb. vom P, sz + Cstor, vom (m.gtor, in 4 m..;tor, out))

elec,su  elec
+ ZteT c Vg

4

The annualized capital cost of all dynamically sized components is
scaled to the simulation period, as shown in equation (6).
CAPEX T|-A lec, [ b, LErb
c e G A
b, capex, P pb tor,
+ C capex, me( + CS or, capexMﬁzs()
Constraints. System-level constraints. Power balance. The net
power generated by the IES must equal the net power exchanged with
the grid, as defined by equations (7) and (8).

piurb +p?,dis _ pilec _ p?,ch =p£ES VeeT 7)

p;ES :pfale _ p?uy VeeT 8

Steam balance. The total steam produced by the reactor must be
consumed by the turbine and the HTE, as shown in equation (9).

qgurb + q?lec - Qsteam,total vieT 9)

Nuclear turbine constraints. Operating limits. Turbine power
output is constrained by its operational limits, as shown in equation
(10).

P <pir? <Puttvt e T

10)

Ramp rates. The change in turbine power output between con-
secutive time periods is limited by equations (11) and (12).

piurt — pturb < RUrb.up At ¢ T,6>1 an
pLirb — plurb < glurb.down Apyp e T,¢>1 12)

Piecewise efficiency. Turbine power output (p/“"?) is a piecewise
linear function of its steam consumption (¢‘%?), as defined by equa-
tions (13)-(16).

qfurb — Z At,k . Qlt:lrb, bp veeT

keKup (13)
b,
p;u’b: Z Ak 'qur bryreT (14)
keK rurp
> Ay=1vteT )
keK rurp
A hex,,, i5ANSOS2set VE € T (16)

Electrolyzer constraints. Operating limits. Electrolyzer power
consumption is constrained by equations (17) and (18). If startup/

shutdown logic is enabled, these limits are gated by the binary status
variable ug'ec.

peez Pt e e T )

ple<pos ufevteT (18)

Ramp rates. The change in electrolyzer power consumption is
limited by equations (19) and (20).

P — P < Pores, - Repe™ - Atve e T, t>1 19
il — pilec < PEes - RO Arve e T, t>1 (20)

Piecewise efficiency (hydrogen production). Hydrogen produc-
tion rate (m'fz) is a piecewise linear function of electrolyzer power
consumption (p¢’€c), as defined by equations (21)-(24).

pilec - Z /lt,j . leec, bp VieT

21
JeKete e
m-?’Z = Z Atlj-M'jHZ'prt eT (22)
JeK etec
Z A j=1vteT 23)
JeKetee
(Ao, isanSOS2set Ve e T (24)

A similar piecewise formulation is used to link steam consumption
(g*c) to power consumption (p¢‘e) for the HTE.

Startup/shutdown logic. These constraints manage the on/off
state of the electrolyzer and enforce minimum uptime and downtime,
as defined by equations (25)-(28).

uste — yetec = pelec _ el ¢ T,6>1 (25)
v v e <1ve e T (26)
‘ 1 I
elec elec,up  elec elec, up
Z u =T, N T 27)
R
i= T 11
L 1 lec, d 1 lec, d
elec elec, down elec -elec, aown
Z a- u; )z Tmin SWpTVE2 Tmin (28)

i— elec, down
i=t-T . +1

Degradation tracking. The cumulative degradation of the elec-
trolyzer is tracked by equation (29).

L
dt:dm(D peee

op " pelec At )+ (Dsu . U?lec) vteT,t>1 (29)
Prax

Battery storage constraints. State-of-charge balance. The battery’s
state of charge is tracked over time, accounting for charge/discharge
efficiencies, as shown in equation (30).

, dis

b
et oo (i ) weerer a0
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Equation (30) is adjusted for ¢ =1to use the initial state of charge £2,,.
Operating and sizing limits. Battery operating and sizing limits are

defined by equations (31)-(35).

poeh<pb ubhvteT (31
poas<pb ubdSvreT (32)
Wb <1veeT 33)

Eb . -SOC <€l <El vteT (34)
mex =Efnax - PowerRatio (Ifsizing) 35)

Hydrogen storage constraints. Storage balance. The mass of
hydrogen in storage is tracked over time by equation (36).
m.itor,out

Stor _ p,Stor stor, ch ,,,-stor, in
= + . ’ vt
my m_y At <,7 my ,lsmr, dis

)VteT,t>1 (36)

Production and sales dispatch. Hydrogen produced can be sent to
storage or directly to the market, as required by equation (37).
mtz = gyt market |y storin e o T (37)

Operating and sizing limits. Hydrogen storage operating and siz-
ing limits are given by equations (38)-(40).

M <mitr <M Ve e T (38)
-stor, i -stor, ch

morm <Mt ve e T (39)

m~§tar,uut < M-fr);z;, dis VeeT (40)

When optimal H, storage sizing is enabled, a constant hydrogen

i .stor,out _ ,,.H,,sale
sales rate is enforced (m3°"°“=m 2. ), and all hydrogen pro-

duction is routed through storage (m'¥>™*¢ = g),

Ancillary service constraints. Component capability. The bids for
ancillary services from each component are limited by the compo-
nent’s physical headroom and ramp rates. For upward reserve from the
turbine, the limit is given by equation (41).

plrt+ N bt <Pl vt e T @1)
S€Syp

For downward reserve from the electrolyzer (load increase), the limit

is given by equation (42).

PP S b s wvee T @)
SE€Sdoun
Similar constraints exist for all services on all components, including
ramp rates and battery state of charge.
Bid aggregation. The total bid for each service is the sum of bids
from all participating components, as shown in equation (43).

b, = Zb;s\ﬂ' el,se$

ceC

43)

Regulation balance. For certain markets, regulation up and down
bids must be equal for each component, as defined by equation (44).
bC

_ e
t, RegUp _bt, RegDown YL € T,ceC

(44)

Dispatch execution mode constraints. Deployed amount. In this

mode, the deployed amount of an ancillary service is linked to the
winning bid, as shown in equation (45).

dis=bi w6, VteT,seS,ceC (45)

Actual power adjustment. The actual power of a component is

adjusted based on its setpoint and the amount of ancillary service it

deploys. For the electrolyzer, this relationship is given by equation
(46).

pflec :pt[elec,sp _ Z d:z‘lic_‘_ Z di[ic VieT

seSup SESdown

(46)

Techno-economic analysis framework

This section details the methodology of the TEA framework developed
to evaluate the financial viability of nuclear-hydrogen IESs. The fra-
mework is designed to be comprehensive, incorporating detailed cost
models, operational simulations, and the impact of federal tax incen-
tives. It analyzes various scenarios, from retrofitting existing NPPs to
developing new greenfield projects with different operational life-
times. The core of the framework is a discounted cash flow (DCF)
analysis, which is used to calculate key financial performance
indicators.

Core financial principles and metrics. The primary financial eva-
luation is based on a DCF analysis over the project’s entire lifecycle,
from construction to decommissioning. The fundamental metric is the
NPV, which represents the total value of the project in today’s cur-
rency. The NPV is calculated as the sum of all discounted future cash
flows, as shown in equation (47).

N
- CFt
NPV=" Tery

t=0

(47)

where CF, is the net cash flow in year ¢, r is the discount rate, and N is
the total project lifetime in years.

The annual net cash flow (CF) for each operational year is
determined by accounting for all revenues, operating expenditures
(OPEX), and the tax implications of depreciation. The after-tax cash
flow is calculated using equation (48).

CF;=(R; — Copex,c — D)1 — 1)+ D, (48)
where R, is the total annual revenue, Copex . is the total annual oper-
ating expenditure, D, is the annual depreciation allowance, and 7 is the
corporate tax rate. The term D, - T represents the tax shield provided by
depreciation, which is a non-cash expense that reduces the project’s
tax burden.

Other key financial indicators derived from the cash flow analysis
include the internal rate of return (IRR), which is the discount rate at
which the NPV of the project becomes zero, and a project is considered
financially attractive if its IRR exceeds the minimum acceptable rate of
return or the cost of capital; the payback period, which is the time
required for the cumulative cash flows from a project to equal the
initial investment, thereby providing insight into the project’s risk and
liquidity; and levelized costs, which are the average net present cost of
a technology per unit of output over its lifetime. The framework
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calculates the LCOH, LCOE, and levelized cost of storage (LCOS) using
a detailed, independent accounting methodology, as described in a
later section.

Capital expenditure modeling. The framework employs a
detailed, component-based model for capital expenditures. The total
capital expenditure (CAPEX) is disaggregated into major systems,
including the nuclear island, turbine generator, hydrogen production
system (electrolyzer, storage), and battery storage system. For
greenfield projects, this also includes site preparation and grid con-
nection costs. This granular approach allows for the application of
technology-specific cost-scaling and learning rates. The cost of a
component is scaled from a reference size using a learning rate to
account for economies of scale, as calculated by equation (49).

S a
Cadj = Cref ( gctual)

ref

(49)

where C,q; is the adjusted cost for the component, C..¢is the base cost
for a reference size S,ef, Sactual i the actual capacity of the component,
and a is the scaling exponent, derived from a specified learning rate.
Capital investments are distributed over the construction period
according to predefined payment schedules for each major
component.

Major component replacements are modeled as capital outflows
in the specific years they are scheduled to occur. The framework uses a
detailed replacement schedule, for instance’: electrolyzer stacks are
replaced every 10 years, battery systems are replaced every 10 years,
and major hydrogen storage components are replaced every 15 years.

Operating expenditure modeling. Annual operating costs are
modeled with a similar level of detail. Operating expenditure (OPEX) is
separated into fixed and variable components. Fixed OPEX includes
costs that do not vary with production, such as salaries, insurance, and
routine maintenance. These are calculated on a per-megawatt-year
basis, for example, $ MW year™, and are subject to an annual inflation
rate. Variable OPEX (VOM) includes costs directly tied to system
operation, such as consumables, water for electrolysis, and compo-
nent wear. These are calculated on a per-megawatt-hour basis, for
example $MWh™, or on a per-kilogram basis, for example $kg™
Nuclear fuel costs, as a major component of nuclear OPEX, are calcu-
lated on a per-megawatt-hour basis of electricity generation in the
baseline case, whereas in the retrofitted hybrid system, they are cal-
culated based on the actual energy output of the reactor.

Revenue and opportunity cost modeling. The framework con-
siders multiple revenue streams, including electricity sales to the grid,
hydrogen sales, and ancillary services, with a particular emphasis on
modeling opportunity costs. When the nuclear plant diverts electricity
or heat to hydrogen production, it forgoes potential revenue from
electricity sales to the grid, which is explicitly treated as an opportunity
cost in assessing hydrogen production profitability. Similarly, provid-
ing ancillary services may require the plant or electrolyzer to operate
at suboptimal levels for energy sales, and the resulting opportunity
cost is also accounted for. In the case of HTE, the diversion of steam
from the turbine reduces potential electricity generation, and the
corresponding opportunity cost is quantified based on the plant’s
thermal efficiency and prevailing electricity prices.

Depreciation and taxation. The framework implements the Mod-
ified Accelerated Cost Recovery System (MACRS) for asset deprecia-
tion, which provides a significant tax shield*. Assets are classified into
different schedules based on their type, reflecting U.S. tax law. A 15-
year MACRS schedule is applied to NPP equipment and grid infra-
structure, whereas a 7-year MACRS schedule is applied to hydrogen
production and battery storage equipment. The annual depreciation
for each class is calculated according to the schedules provided in
Table 1. The total depreciation allowance in any given year is the sum of

Table 1| Modified accelerated cost recovery system (MACRS)
depreciation schedules

7-Year Property 15-Year Property

Year Rate (%) Year Rate (%)
1 14.29 1 5.00

2 24.49 2 9.50

3 17.49 3 8.55

4 12.49 4 7.70

5 8.93 5 6.93

6 8.92 6 6.23

7 8.93 7-15 5.90

8 4.46 16 2.95

the depreciation from all assets, which is then used to calculate the
project’s tax liability.

Federal tax incentive analysis. An important feature of the fra-
mework is its capability to simulate the effects of several major U.S.
federal tax incentives. In this study, particularly for hybrid systems
combining nuclear power and hydrogen production, we assume that
the system can simultaneously benefit from both hydrogen-related
and nuclear-related incentive schemes, with each calculated according
to its respective methodology and then aggregated.

The 45U PTC is specifically for existing NPPs. For electricity gen-
erated between 2024 and 2032, the credit amount is determined
dynamically based on the hourly electricity market price, decreasing
linearly as the price increases from $25MWh™ to $43.75 MWh™. The
hourly credit value (C4s.) is computed as a function of the market price
(Pmarker) Using equation (50). In this study, a streamlined imple-
mentation of the 45U credit adjustment is used to reflect the policy’s
essential price-responsive structure in a form suitable for integrated
system modeling’®.

$15 if Parker < $25.0
C45U(Pmarket) =4 815 (1 - %) if$25.0< Pmarket <$43.75

$0 if P arkec > $43.75
(50)

The 45Y clean electricity PTC is for new zero-emission power
facilities, including new nuclear plants. The framework models this as a
credit of up to $30 MWh for the first 10 years of the plant’s operation.
This credit is a direct addition to the project’s annual cash flow>*.

The 48E clean electricity ITC is an alternative to the 45Y PTC for
new facilities. The ITC provides an upfront tax credit based on the
initial capital investment. The model implements a credit of up to 50%
on qualified capital expenditures. Crucially, the model correctly
applies this credit only to the nuclear power generation equipment,
excluding hydrogen and battery assets. Furthermore, it implements
the required depreciation basis reduction, where the asset’s value for
depreciation purposes is reduced by 50% of the claimed ITC value, as
defined by equation (51)**.

DepreciableBasis,; = CAPEX yyigings — 0.5 XITC, 14 (51)

This reduction lowers the total depreciation tax shield over the asset’s
life, partially offsetting the benefit of the upfront credit.

The framework also includes a generic hydrogen production
subsidy, modeled after policies like 45V, which provides a direct pay-
ment of up to $3.00 kg™ of clean hydrogen produced for verified use
during the first 10 years of operation. In this study, we assume the
maximum rate of $3.00 kg™ applies uniformly across all scenarios™.
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Case study design. The TEA framework is applied across four
distinct case studies to provide a holistic view of the economic
potential of nuclear-hydrogen systems.

Case 1: Existing reactor baseline. This case serves as the financial
benchmark. It analyzes the business-as-usual operation of an existing
NPP without any modifications for hydrogen production. The analysis
uses the plant’s actual remaining operational lifetime and calculates
revenue based on selling all generated electricity to the grid at hourly
market prices. The key objective is to determine the standalone prof-
itability of the existing asset and to analyze the potential financial uplift
from the 45U PTC.

Case 2: Existing reactor retrofit. This case evaluates the economic
viability of retrofitting an existing NPP with an integrated hydrogen
production and battery storage system. The analysis includes the
CAPEX for the new hydrogen and battery assets, but assumes the
nuclear plant itself is a sunk cost. It calculates the combined revenue
streams from electricity sales, hydrogen sales, and ancillary services.
This case also considers the impact of the 45U PTC on the nuclear
portion of the integrated system’s revenue.

Case 3: Greenfield system (60-year lifecycle). This case examines a
newly constructed, fully integrated nuclear-hydrogen-battery system
with a 60-year operational lifetime. It includes the complete capital
investment for the nuclear reactor and all non-nuclear subsystems.
Three distinct policy scenarios are evaluated: (1) no federal incentives,
(2) the 45Y PTC, and (3) the 48E ITC. This case evaluates the economics
of greenfield nuclear-hydrogen systems over a standard design life-
span, considering current U.S. tax incentives and system cost
structure.

Case 4: Greenfield system (80-year lifecycle). Building upon Case
3, this case extends the system’s operational lifetime to 80 years to
reflect the enhanced durability and lifespan potential of next-
generation advanced reactors. The same three policy scenarios,
namely no incentives, 45Y PTC, and 48E ITC, are analyzed to evaluate
how extended operation alters the cost-effectiveness and policy
impacts. This longer-term perspective captures additional revenue
potential, offset by the need for more frequent equipment replace-
ments and increased long-term maintenance costs, offering deeper
insight into lifecycle financial dynamics.

Levelized cost calculation methodology. To provide a clear and
fair comparison of costs, the framework utilizes an independent
accounting methodology for calculating levelized costs. This approach
avoids cross-subsidization between different parts of the integrated
system.

Levelized cost of electricity. The LCOE represents the cost of
generating electricity from the nuclear plant only. It is calculated by
considering only the costs and revenues directly attributable to the
nuclear power island and turbine generator, as shown in equation (52).

PV(NuclearCAPEX + NuclearOPEX — TurbineASRevenue)

LCOE= PV(TotalElectricityGeneration)

(52)

Levelized cost of hydrogen. The LCOH is calculated for the
hydrogen production system. Critically, the cost of electricity con-
sumed by the electrolyzer is not assumed to be zero. It is valued at the
LCOE calculated for the nuclear plant, representing a fair internal
transfer price, as shown in equation (53).

+HTECost — ASRevenuey,,
PV(TotalH, Production)

CAPEX,,, + OPEXy;, +Elec.Cost; o )
(53)

LCOH= (

Levelized cost of storage. Similarly, the LCOS for the battery
system is calculated based on its own CAPEX, OPEX, and dedicated
revenue streams, providing a clear picture of the cost per megawatt-

hour of energy discharged from the battery over its lifetime, as shown
in equation (54).

PV(BatteryCAPEX + BatteryOPEX — BatteryASRevenue)

LCOS= PV(TotalEnergyDischarged)

(54)

Data generation and collection

To facilitate the testing and validation of our nuclear-hydrogen pro-
duction optimization model, a comprehensive synthetic dataset was
generated. This process, implemented in Python, creates internally
consistent time-series data and system parameters that mimic real-
world operational conditions. The generation process is deterministic,
using a fixed random seed (np.random.seed(42)) to ensure the
replicability of the entire dataset. The generated data encompasses
techno-economic system parameters, hourly electricity prices, and
detailed ancillary service market data for various ISOs.

System parameter formulation

A foundational set of techno-economic parameters is generated to
define the physical and economic characteristics of the IES. These
parameters are technology-specific and crucial for the optimization
model’s constraints and objective function.

Common and plant-wide parameters. To support system-level
sensitivity analysis, a representative nuclear-hydrogen configuration
was established using stylized core plant parameters: a 1000 MW,
thermal reactor coupled with a 380 MW steam turbine. This config-
uration defines the upper bounds for turbine power output
(Piiine=380.0 MW) and total available thermal steam
QP2 '=1000.0 MW,;,), and assumes a 30-year project lifetime with a
discount rate of r = 0.06. The turbine’s operational range is char-
acterized by minimum and maximum power and steam input limits, a
piecewise linear thermal-electric efficiency curve based on steam flow
breakpoints, and ramp rate constraints®*°.

However, for the core optimization and TEA performed across 42
actual nuclear power plants, all nuclear-related system parameters,
such as reactor thermal capacity, turbine power ratings, and conver-
sion efficiency, are based on real plant-specific data. These technical
specifications were obtained directly from the U.S. Nuclear Regulatory
Commission (NRC) database, ensuring that the modeled system con-
figurations reflect the actual physical and operational characteristics of
each reactor®.

Electrolyzer technology parameters. The model incorporates an
HTE, representative of Solid Oxide Electrolysis Cell (SOEC) technology.
A detailed set of techno-economic parameters is specified for this
technology.

Capital cost. The annualized capital expenditure (CAPEX) is a
critical cost component. It is derived from the overnight cost, the
economic lifetime, and the discount rate using the Capital Recovery
Factor (CRF). The CRF is calculated using equation (55).

r(l+r)t

CRF= ————
I+ry -1

(55

where r is the discount rate and L is the lifetime in years.

Efficiency and consumption. Electrolyzer efficiency is modeled as
a piecewise linear function dependent on the electrical load. Four
operating breakpoints are defined, starting from a minimum load of
10% of the maximum capacity (200 MW). Electrical consumption (k)
for HTE ranges from 44.0 to 41.0 kWh kg™, reflecting its higher effi-
ciency at operating temperatures. These values are converted to MWh
kg™ for the model*®. Thermal consumption (k) for HTE requires ther-
mal energy input, which is modeled as a constant 0.008 MWh;, kg™ of
hydrogen produced across all operating points*®.
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Other operational parameters include variable O&M costs
(6.9 $ MWh™ for HTE), startup costs, ramp rates (expressed as a per-
centage of maximum capacity per minute), and minimum up/down
times. Degradation is also modeled using distinct factors for steady-
state operation and for each startup event*®.

Battery Energy Storage System parameters. A BESS is included as
an optional system component. Its parameters are derived to reflect
current technology costs and performance. Capital cost assumptions
for the BESS are defined for both power and energy capacity. A total
energy capital cost of $2.1IM MW™ and a 4-hour duration are assumed.
The annualized power capacity cost is calculated using a 20-year life-
time and the CRF. The model is specifically configured to only consider
the power capacity cost, setting the energy capacity cost to zero to
analyze scenarios where power is the primary cost driver’’. O&M cost is
derived as a fraction of the power CAPEX (2.5%). Performance metrics
include charge/discharge efficiency (both 92%), a minimum state of
charge of 10%, and a power-to-energy ratio (P/E) of 0.25, correspond-
ing to the 4-hour duration®.

Time-series data generation and collection

Hourly data for a full year (8760 h) is generated to simulate market
conditions. This includes ancillary services and operational factors. All
electricity price inputs used in the model are based on the average
2024 locational marginal prices (LMPs) at the hub or node level,
published by each ISO at 15 min resolution and aggregated to hourly
values. Ancillary service price data were similarly obtained from each
ISO’s 2024 hourly publications. February 29th was excluded to ensure
consistency with a 365-day calendar year, and missing values were
linearly interpolated to obtain a complete dataset of 8760 hourly
entries® ™,

Ancillary service (AS) market data.

AS capacity prices. The market-clearing price for each ancillary
service is generated based on the hourly LMP, assuming that AS prices
are correlated with energy prices. The price is calculated using equa-
tion (56).

Price,s = max(0, LMP x U(0.05, 0.4) + N(0, 3) + Spike) (56)
where U is a uniform distribution, N is a normal distribution for noise,
and Spike represents a 2% hourly probability of a price adder between
$10 and $50. This creates AS prices that are fundamentally linked to
energy scarcity but have their own distinct volatility.

Deployment, mileage and performance factors.

Due to the lack of publicly available high-resolution deployment
records for ancillary services, all deployment-related inputs in this
study were generated synthetically through a simulation-based fra-
mework. The generation process was informed by publicly available
ISO documents, historical system operation data, and operational
heuristics reported in prior literature® 2,

For regulation services (e.g., RegUp/RegDown), where deploy-
ment frequency and directionality are critical but rarely disclosed, a
paired simulation strategy was adopted. Hourly deployment prob-
abilities were constructed using smoothed stochastic time series,
incorporating both intra-day (three cycles per day) and weekly sea-
sonalities. These patterns were calibrated to yield an average direc-
tional deployment bias of 0.44 in favor of regulation-up, consistent
with empirical expectations of net upward control effort. To ensure
system feasibility, the combined hourly deployment activity for
regulation-up and regulation-down was constrained below 0.98, and
post-processing adjustments were made to preserve both the direc-
tional bias and total activation limits.

For non-regulation reserve services (e.g., spinning, non-spinning,
supplemental, and ramping reserves), deployment factors were simi-
larly generated using category-specific probability and magnitude
ranges. These ranges were derived from ISO-published simulation

assumptions, such as those used in planning reserve margin studies or
operational flexibility assessments. For each service, hourly deploy-
ment was determined by sampling a Bernoulli process governed by its
probability envelope, with activated magnitudes drawn from uniform
distributions within the category-specific operational band. This fra-
mework enables the representation of diverse service behaviors while
maintaining cross-ISO consistency and interpretability.

Mileage multipliers and performance factors, essential for mod-
eling the operational burden of regulation services, were likewise
generated synthetically due to the unavailability of full-year, service-
level data from ISOs. All parameterization was based on public ISO
reports, simulation templates, and historical estimates.

For each ISO, regulation-up and regulation-down services were
jointly modeled using base mileage values extracted from ISO-
published simulation data (e.g., PJ/M’s RegD mileage of 5.4, CAISO’s
12.5, etc.). To reflect temporal variability and measurement uncer-
tainty, independent Gaussian noise (scaled to 5-10% of the base
mileage) was applied, and resulting values were clipped to maintain
operational realism. Paired services within the same ISO (e.g., RegUp/
RegDown) were assigned consistent mileage profiles to reflect the
shared system control dynamics.

Performance factors were generated from a normal distribution
centered at 0.95, with truncation at 0.7 and 1.0, reflecting the high but
variable fidelity observed in actual Automatic Generation Control
(AGC) regulation. Identical hourly performance factors were used for
regulation-up and -down in each ISO to capture their joint dependence
on telemetry precision, AGC latency, and plant control capabilities.

Data availability

The data supporting the findings of this study are publicly available in
the GitHub repository Henryutd2021/NPPH2 and are permanently
archived on Zenodo under the following https://doi.org/10.5281/
zen0do.19646104%,

Code availability

The code supporting the findings of this study is publicly available in
the GitHub repository Henryutd2021/NPPH2 and are permanently
archived on Zenodo under the following https://doi.org/10.5281/
zen0do.19646104%,
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