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Executive Summary

Fusion energy has long been regarded as a promising but perpetually distant source of clean
power. Recent milestones, including the National Ignition Facility's achievement of ignition in
December 2022 and nearly $10 billion in cumulative global investment by 2025, suggest that
commercial fusion is no longer a distant prospect but an emerging economic question. This
Master's Project asks: under what conditions does fusion energy become cost-competitive as a

source of firm, clean power in the United States?

The MP begins with an introduction to the U.S. grid's structural need for firm clean power. Solar
and wind are cheap and getting cheaper, but they are intermittent. Battery storage covers hours,
not days. The grid's existing sources of always-on, carbon-free generation (conventional nuclear
and hydropower) are constrained. Fusion, if it reaches commercial scale, is purpose-built to fill
this gap. The paper then provides an overview of where fusion stands today, covering the leading
technological approaches including tokamaks, field-reversed configurations, and magnetic mirror

concepts, as well as the industry's key commercialization timelines.

The analytical core of this MP is a levelized cost of energy (LCOE) model and Monte Carlo
simulation implemented in Python. LCOE is the industry standard for comparing generation
technologies, expressing the average dollar-per-megawatt-hour cost needed to recover all capital
and operating expenses over a plant's lifetime. Because fusion has no commercial operating
history, single-point LCOE estimates would be false precision. Instead, five key inputs —
overnight capital expenditure, capacity factor, discount rate, plant lifetime, and fixed operating
and maintenance costs — are modeled as triangular probability distributions. Running 10,000
simulations per development stage produces a full distribution of LCOE outcomes across three
scenarios: First-of-a-Kind (FOAK, ~2035), Mid-Stage (~2042), and Nth-of-a-Kind (NOAK,
~2050+).

Simulation results show that fusion economics vary dramatically by stage. The FOAK median
LCOE is $313/MWh, requiring policy support or premium offtake to be viable. The Mid-Stage
median falls to $107/MWh, approaching natural gas cost parity. The NOAK median reaches
$45/MWh, competitive with utility-scale solar and onshore wind, with 90% of simulated
outcomes below $57/MWh. A Spearman rank sensitivity analysis confirms that overnight capital

cost is the dominant driver across all stages, with a correlation coefficient of +0.80 at NOAK,



followed by the discount rate. Build it cheaper and finance it cheaper and everything else is

secondary.

The MP then examines the commercial market for fusion's output. U.S. data center power
demand stood at 25 gigawatts in 2024 and is projected to exceed 80 gigawatts by 2030.
Achieving 24/7 carbon-free power through wind, solar, and battery storage alone costs more than
$200/MWh, making firm clean power economically rational even at a premium. A dataset of
seven hyperscaler nuclear and fusion power purchase agreements reveals that Microsoft paid
approximately $110-115/MWh to restart Three Mile Island, while all other deals remain
undisclosed. Buyers paying premiums they do not want competitors to see are buyers for whom

the alternative is materially more expensive.

The paper further demonstrates that LCOE understates fusion's value. PJM capacity market
prices cleared at the price cap for three consecutive auctions through December 2025, with the
grid still falling short of its reserve margin target. Capacity market revenues of approximately
$15.40/MWh reduce fusion's effective NOAK LCOE from $45 to $30/MWh, below the floor of

any major generation technology.

The MP concludes with learning curve analysis, deployment scenarios, and a discussion of
limitations. Three scenarios are modeled: a bear case in which CapEx fails to decline and
hyperscalers do not commit to offtake; a base case in which one or two hyperscalers anchor
FOAK deployment and LCOE reaches $80-100/MWh by the late 2030s; and a bull case in which
modular manufacturing, consortium offtake, and policy support drive LCOE below $50/MWh by
the early 2040s. The base case is assessed as most likely. The economics say fusion is viable.

The market evidence says the demand is there. The execution is what remains to be proven.



1. Introduction and Motivation

Fusion energy has been "30 years away" for most of the last century. That joke is finally getting
old for a good reason: at last, the science is working. Private investment in fusion surpassed $6.2
billion by 2023 and reached $9.7 billion by 2025. The National Ignition Facility achieved
ignition for the first time in history, and companies across multiple technological approaches

have set credible timelines for first-of-a-kind commercial plants in the next decade.

But scientific progress does not guarantee commercial success. The history of energy technology
is full of innovations that worked in the lab and failed in the market. Fusion’s next challenge is

not physics, but rather economics.

This project asks a straightforward question: under what conditions does fusion energy become
cost competitive as a source of baseload, clean power in the United States? To answer it, [ build
a structured economic framework centered on levelized cost of energy (LCOE) analysis, Monte
Carlo simulation, cost decline modeling, and scenario planning. The goal is not to predict the
future of fusion, but to identify the conditions under which it succeeds or fails in economic

terms.

The U.S. grid is undergoing a structural transition. Renewable energy is cheap and getting
cheaper, but it is intermittent. As solar and wind penetration increases, the value of firm, always-
on generation grows. Fusion, when it reaches commercial scale, is purpose-built for that role.
This analysis treats fusion like any other energy infrastructure investment: what does it cost to
build, what does it cost to run, how does that cost evolve over time, and how does it compare to

the alternatives?

This analysis finds that fusion's economics vary dramatically by development stage. FOAK
plants are not viable without policy support or premium offtake, with median costs near
$300/MWh. Mid-stage plants approach natural gas parity at roughly $100/MWh. At NOAK,
fusion becomes one of the cheapest sources of firm, dispatchable power, with a median LCOE of
$45/MWh and an effective LCOE of $30/MWh after capacity market revenues. The commercial

case is not speculative but it relies on execution.



2. The U.S. Grid and the Case for Firm Clean Power

The U.S. electricity system is in the middle of a fundamental shift. Solar and wind costs have
fallen faster than almost anyone predicted (utility-scale solar has dropped by over 90% in cost

over the last decade). Renewables win on pure cost per MWh.

But cheap energy and reliable energy are not the same thing. As renewable penetration increases,
the grid faces a structural problem: how do you keep the lights on when generation is intermittent
by nature? Battery storage works for 4 to 8 hours. It is not a solution for multi-day weather
events or seasonal generation gaps. Transmission is expensive, slow to permit, and politically

difficult. Demand flexibility depends on behavioral and industrial changes.

What the grid actually needs is firm clean power. That means generation that is always on,
carbon-free, and dispatchable on demand. Today, that role is filled almost entirely by nuclear
fission and hydropower. Both are constrained. Hydro is geographically limited and increasingly
stressed by drought. Conventional nuclear is expensive to build and faces significant political

headwinds in parts of the country.

Fusion is designed to fill this gap. A fusion plant runs continuously, produces no carbon
emissions, generates no long-lived radioactive waste, and is not dependent on weather or

geography. The rest of this report is about whether that is realistic at competitive cost.

3. Where Fusion Stands Today

FISSION FUSION

Splits heavy uranium atoms apart Fuses light hydrogen isotopes together
Neutron hits U-235 — splits into smaller Deuterium + Tritium — Helium + energy
atoms + energy + more neutrons + neutron

Produces long-lived radioactive waste No long-lived radioactive waste

Fuel: Uranium (must be mined and Fuel: Hydrogen isotopes (abundant, found
enriched) in seawater)

Both produce large amounts of carbon-free energy; fusion just does it more cleanly.

Table. Comparison of nuclear fission and fusion processes. Fission splits heavy atoms apart; fusion combines light

atoms together. Both produce carbon-free energy, but through opposite processes and with different waste profiles.



Fusion works by forcing light atomic nuclei, typically deuterium and tritium, together at extreme
temperatures to release energy. The physics have been understood for decades, dating back to
Einstein’s EEMC? The engineering challenge is containing a plasma exceeding 100 million
degrees Celsius while extracting net usable energy. For context, that is hotter than the core of the
sun, yet in many cases the plasma sits meters away from cryogenically frozen superconducting
materials. The gap between those two temperatures is the largest we know of anywhere in the

universe.

This moment feels different from prior phases of fusion evolution. In December 2022, the
National Ignition Facility at Lawrence Livermore National Laboratory achieved ignition,
producing more energy from a fusion reaction than the laser energy delivered to the target
(Lawrence Livermore National Laboratory, 2022). Private capital has taken notice of it.
Cumulative private investment in fusion surpassed $6.2 billion by 2023, spread across more than

43 companies globally (Fusion Industry Association, 2023).

Figure 1: Global Fusion Energy Investment, Cumulative by Year

- Private and public funding; annual increase shown in parentheses
I Private Funding
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Figure 1. Global fusion investment has grown from $1.9 billion through 2021 to $9.7 billion by 2025, with public
funding accelerating alongside private capital. The 2022 surge was driven largely by Commonwealth Fusion

Systems' $1.8 billion raise. Source: Fusion Industry Association (2025).



The approaches being pursued vary considerably, and that diversity is itself a sign of the
industry’s maturity. Magnetic confinement tokamaks, the most historically prominent design, are
being pursued by Commonwealth Fusion Systems (CFS), which is backed by over $2 billion in
funding and targeting a demonstration plant in 2026 and a commercial plant in 2031 outside
Richmond, Virginia, using high-temperature superconducting (HTS) magnets (Commonwealth
Fusion Systems, 2026). Helion Energy is pursuing a field-reversed configuration and has a
power purchase agreement with Microsoft targeting delivery by 2028 (Helion Energy, 2023).
TAE Technologies is developing a hydrogen-boron approach that would eliminate tritium from

the fuel cycle entirely (TAE Technologies, 2024).

Beyond these approaches, magnetic mirror concepts represent an increasingly compelling
alternative pathway. Realta Fusion, spun out of the University of Wisconsin-Madison in 2022, is
developing compact, scalable, modular (CoSMo) fusion systems based on the magnetic mirror
concept in which plasma is confined between powerful magnets at each end of a simple cylinder
rather than in a closed toroidal loop. The magnetic mirror’s structural simplicity offers potential
advantages in modularity and capital cost relative to tokamaks. In July 2024, Realta achieved a
world-record magnetic field of 17 Tesla in its WHAM experiment, the first use of HTS magnets
in a magnetic mirror configuration (Realta Fusion, 2024). In April 2026, Realta announced a
long-term strategic partnership with CFS for HTS magnet design and manufacturing, valued at
potentially multiple billions of dollars. This is a signal that the broader industry is beginning to
share critical supply chain infrastructure regardless of confinement approach (Realta Fusion,
2026). Realta is one of just eight companies selected for the DOE’s Milestone-Based Fusion
Development Program and is explicitly targeting data centers and industrial customers as its first

commercial market (Realta Fusion, 2025).

These timelines are aggressive. Most independent analysts expect the first commercial fusion
plants in the 2030s at the earliest, with meaningful grid contribution not until the 2040s (U.S.
Department of Energy, 2024). But the trajectory is real, and the economic questions need to be

answered now, while the industry is still forming.

4. Economic Framework and LCOE Model

The standard tool for comparing electricity generation technologies is the levelized cost of

electricity (LCOE). LCOE expresses the average cost per megawatt-hour over a plant’s lifetime,



accounting for all capital and operating costs and normalizing for differences in capacity factor

and plant life (Lazard, 2025).
LCOE = (CapEx x CRF + OpEx) / (Capacity Factor x 8,760 hours)

where the Capital Recovery Factor (CRF) converts upfront capital cost into an annualized

payment based on the discount rate and plant lifetime.

Two terms used throughout this paper are worth defining. A First-of-a-Kind (FOAK) plant is the
first commercial version of a technology ever built: expensive, slow, and full of surprises. An

Nth-of-a-Kind (NOAK) plant is what that same technology looks like after the industry has built
many of them. The journey from FOAK to NOAK is where most energy technologies have made

or lost their economic case.
The key inputs for fusion are:

Capital Expenditure (CapEx). The dominant cost driver. FOAK estimates range from $5,000
to $10,000 per kilowatt of installed capacity (U.S. Department of Energy, 2024). For reference,
advanced fission projects like Vogtle Unit 3 came in above $10,000 per kW after cost overruns

(U.S. Energy Information Administration [EIA], 2024).

Capacity Factor. Fusion is designed to run continuously. A capacity factor of 85% to 95% is the

target for mature fusion plants, comparable to conventional nuclear (EIA, 2023a).

Discount Rate. For early fusion plants, the discount rate will be high, reflecting technology risk.
Moving from a 12% WACC to 6% reduces LCOE significantly even with no change in physical
performance (Lazard, 2025).

Plant Lifetime. Standard assumption is 30 to 40 years, consistent with fission and large thermal

plants (U.S. Department of Energy, 2024).

Operating Expenditure (OpEx). Fusion fuel costs are negligible. Deuterium is abundant, and
tritium is bred within the reactor. The larger OpEx question is maintenance, staffing, and

component replacement (Sheffield & Milora, 2016).

Using these inputs, I model three cost scenarios, FOAK, mid-stage, and NOAK, calibrated
against published estimates from DOE, the Fusion Industry Association, and academic literature

(Lazard, 2025).



5. Monte Carlo Simulation Methodology and Results

5.1 Overview

To move beyond single-point LCOE estimates, this analysis employs a Monte Carlo simulation
implemented in Python. Each key input is modeled as a probability distribution reflecting
genuine uncertainty across a plausible range. Running 10,000 simulated iterations per
development stage generates a full distribution of LCOE outcomes, yielding confidence
intervals, median estimates, and a ranked sensitivity analysis. This approach mirrors
methodologies used by the National Renewable Energy Laboratory (NREL), the International

Energy Agency (IEA), and academic researchers studying emerging generation technologies.

The simulation covers three discrete stages: First-of-a-Kind (FOAK, ~2035), Mid-Stage (~2042),
and Nth-of-a-Kind (NOAK, ~2050+). The three-stage timeline is calibrated against publicly
announced commercialization timelines from leading fusion developers and DOE projections.
Commonwealth Fusion Systems targets its first commercial plant in 2031, Helion Energy has
committed to power delivery by 2028, and most independent analysts place meaningful grid
contribution from fusion in the 2040s (U.S. Department of Energy, 2024). The seven-year
intervals between stages reflect the expected pace of learning curve progression in capital-
intensive energy infrastructure, drawing on historical analogies from nuclear fission, which saw
roughly a decade between early commercial plants and mature fleet economics, and offshore
wind, which compressed that timeline to approximately seven years through modular
manufacturing and supply chain standardization. The intervals are not derived from proprietary
data but represent a reasonable central estimate consistent with industry consensus on fusion's

development trajectory.
5.2 Model Structure and LCOE Formula
LCOE = (CRF x Overnight CapEx + Fixed OpEx) + (Capacity Factor x 8,760)
CRF =r(1+r)» + [(1+r)» — 1]

where r = WACC and n = plant lifetime in years. The result is expressed in $/MWh.



5.3 Input Variables, Distributions, and Sourcing

Each input is modeled as a triangular distribution: bounded, requiring only three parameters
elicitable from engineering estimates, and widely used in energy project finance given

asymmetric cost uncertainty.

Variable  Stage Min Mode  Max Source / Rationale
Overnight . CFS/SPARC pre-FEED estimates; ITER
CapEx i B 00 105Kk SN construction actuals; Entler et al. (2018)
: , Learning curve from FOAK; advanced
Mid-Stage 4.000 6000 9000 SAW  4cion SMR cost trajectories (IAEA, 2023)
NOAK 2,000 3,500 5,500 $/kW  Sheffield & Milora (2016)
Capacity FOAK 0.5 0.65 0.75 fraction Early n‘uclear fleet historical availability
Factor (NRC); novel plasma systems
. ’ Mature nuclear fleet; U.S. average ~0.92
Mid-Stage 0.7 0.8 0.88  fraction (EIA, 2023a)
NOAK 0.8 0.9 095 fraction U.S. nuclear fleet average (EIA, 2023a)
Discount S g )
Rie o e o v escodemmn
(WACC) " : g
. Declining as technology de-risks (MIT
/ £ 0, 0/ 0, o J
Mid-Stage 7% 9% 13% % Energy Initiative, 2018)
2 : Approaches conventional utility financing;
] ) () 0, 0 7
NOAK e T 10% 7 Lazard (2025) uses 8% nominal WACC
Pl.ant‘ FOAK 20 30 40 ——_— Coqscrvauve given unproven plasma-
Lifetime y facing component durability
. - Conventional nuclear design life (NRC
i " - YEAUS  icense: 40 vears, extendable)
NOAK 40 50 60 — Matured materials science and component
. replacement protocols
Fixed Specialized staffing, tritium handling,
O&M FOAK 150 200 300 $/kW-yr plasma diagnostics; ITER operational cost
(OpEx) basis

Declining with experience; advanced LWR
O&M costs (NEI, 2023)

Converges toward conventional nuclear
NOAK 40 70 110 $&kW-yr O&M benchmark ~$35-60/kW-yr (EIA
AEO, 2024)

Mid-Stage 80 120 180  $/&W-yr

Table 2. Monte Carlo Input Distributions by Development Stage.



Overnight CapEx

The decline from a FOAK mode of $10,000/kW to a NOAK mode of $3,500/kW reflects the
expected impact of learning-by-doing, modular manufacturing, and supply chain maturation.
This trajectory is consistent with the experience of offshore wind, which saw capital costs fall by
roughly 50% between its first commercial installations and mature fleet deployments over
approximately 15 years. For fusion specifically, CFS and peer companies are designing SPARC
and ARC with factory-built, standardized HTS magnet modules, a deliberate departure from the
bespoke, field-constructed approach that prevented cost reduction in first-generation fission. The
NOAK range of $2,000—$5,500/kW is consistent with Sheffield & Milora (2016) and Woodruff
et al. (2024).

Capacity Factor

The increase from a FOAK mode of 0.65 to a NOAK mode of 0.90 mirrors the historical
trajectory of U.S. nuclear fission. Early commercial nuclear plants in the 1970s operated at 55-
65% capacity factors due to unplanned outages, fuel handling issues, and operator learning. The
U.S. fleet average reached 92-93% by the 2020s through improved maintenance protocols, fuel
cycle optimization, and operator experience (EIA, 2023a). Fusion faces similar early-stage
reliability challenges, particularly around plasma-facing component durability and tritium

breeding, which justify a conservative FOAK floor of 0.50.
Discount Rate (WACC)

The decline from a FOAK mode of 12% to a NOAK mode of 7% reflects the standard de-risking
trajectory for novel energy technologies as they move from first-of-a-kind demonstration to
mature commercial deployment. Early fusion plants will be financed with a mix of venture
capital, strategic corporate investment, and government loan guarantees, a hybrid structure that
commands a risk premium well above conventional utility financing. As the technology proves
itself through operational experience, financing will increasingly resemble conventional power

project finance, approaching the 8% nominal WACC Lazard uses for mature technologies

(Lazard, 2025).



Plant Lifetime

The increase from a FOAK mode of 30 years to a NOAK mode of 50 years reflects improving
materials science and component replacement protocols over time. Early fusion plants face
significant uncertainty around plasma-facing material degradation under neutron bombardment
which is a challenge without direct operational precedent. NOAK plants are expected to benefit
from advances in materials science and established maintenance protocols, consistent with the
NRC's approach to nuclear license extensions, which have extended fission plant lifetimes from

40 to 60 and potentially 80 years.
Fixed O&M

The decline from a FOAK mode of $200/kW-yr to a NOAK mode of $70/kW-yr reflects the shift
from highly specialized, labor-intensive early operations to more standardized maintenance
regimes. Early fusion plants will require specialized staffing for plasma diagnostics, tritium
handling, and novel systems with no established maintenance protocols, driving costs toward the
upper range. NOAK operations are expected to converge toward conventional nuclear O&M
benchmarks of $35-60/kW-yr (EIA AEO, 2024) as standardized procedures, workforce training

programs, and component reliability improve.

5.4 External Benchmark Data

To contextualize fusion LCOE results, this analysis incorporates benchmark cost ranges from
Lazard’s Levelized Cost of Energy+ Analysis (2025 edition) and supplementary sources. The
“Dispatchability” column is critical context: fusion’s NOAK cost must be evaluated against firm
alternatives, not intermittent renewables that require costly backup to achieve equivalent

reliability.



Low High

Technology ($/MWh) ($/MWh) Dispatchability
Utility-Scale Solar PV $38 $78 Lazard LCOE+ 2025 Intermittent
Onshore Wind $37 $86 Lazard LCOE+ 2025 Intermittent
Offshore Wind §72 $140 Lazard LCOE+ 2025 Intermittent
Natural Gas CC (NGCC) $48 $107 Lazard LCOE+ 2025 Firm
Conventional Nuclear $141 $220 Lazard LCOE+ 2025 Firm
Geothermal (Enhanced) $57 $119 DOE/NREL ATB 2024 Firm
Advanced Nuclear (SMR) $80 $150 os tlililzztésiildustry Firm

24/7 Clean PPA (wind + McKinsey/LDES

$200+ — Firm

solar + storage) Council, 2022

Fusion NOAK (this paper) $35 $57 Monte Carlo P10-P90 Firm

Table 2. Benchmark LCOE Ranges. *Advanced nuclear SMR range reflects IEA and industry projections; Lazard
LCOE+ 2025 does not publish a standalone SMR estimate. Natural gas combined cycle represents the most relevant

near-term cost ceiling for fusion as the dominant marginal generation source in U.S. wholesale markets.

5.5 Simulation Results

Statistic FOAK Mid-Stage NOAK
(~2035) (~2042) (~2050+)
Median ($/MWh) $313 $107 $45
Mean ($/MWh) $320 $109 $45
Std. Deviation $60 $19 $9
P10 ($/MWh) $249 $86 $35
P90 ($/MWh) $402 $135 $57

Table 3. Monte Carlo LCOE Results (N = 10,000) with Benchmark Reference Points. For reference: NGCC range
$48-$107/MWh; Conventional Nuclear midpoint $181/MWh. Source: Lazard LCOE+ 2025. All cost estimates are
expressed in 2025 dollars. Fusion LCOE outputs are derived from Monte Carlo inputs calibrated to current-dollar
sources including the DOE Liftoff Report (2023) and Lazard (2025). Sheffield & Milora (2016) NOAK CapEx
estimates, where referenced, are consistent with DOE's current-dollar NOAK benchmark of ~$3,600/kW and do not

require separate inflation adjustment.



First, even under pessimistic input assumptions, mid-stage fusion approaches natural gas cost
parity, meaning the window for competitiveness opens well before NOAK. Second, NOAK
outcomes cluster tightly around $45/MWh with a standard deviation of just $9, indicating the
result is robust across a wide range of inputs. Third, capital cost is doing most of the work, which
means the industry's ability to drive down CapEx through learning and manufacturing scale is

the single most important variable to watch.

Figure 2: Fusion LCOE Distribution by Development Stage
Monte Carlo Simulation (N=10,000) with Benchmark Ranges
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Figure 2. LCOE probability distributions across 10,000 simulated iterations per development stage. Dashed lines

indicate median values. Shaded regions show Lazard LCOE+ 2025 benchmark ranges.
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Figure 3. Cumulative probability distributions by stage. Shaded bands represent P10-P90 confidence intervals.
NOAK outcomes cluster tightly below $57/MWh across 90% of simulations.

The FOAK stage produces a median LCOE of $313/MWh, reflecting the substantial capital
intensity and financing risk of first commercial fusion plants. Policy support, clean energy
premiums, or capacity market revenues would be required to achieve positive project economics

at this stage.

The Mid-Stage scenario narrows considerably, with a median of $107/MWh which is at the
upper bound of NGCC costs, suggesting mid-stage fusion could approach competitive parity

under favorable financing conditions.

The NOAK scenario yields the most compelling result: a median LCOE of $45/MWh with a
P10-P90 range of $35-$57/MWh. Critically, 90% of simulated outcomes fall below $57/MWh,
placing mature fusion within the cost range of utility-scale solar and onshore wind, and well

below the floor of conventional nuclear.

Figure 4: Fusion LCOE Distribution vs. Conventional Energy Benchmarks
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Figure 4. Fusion LCOE distributions by development stage compared against conventional energy benchmarks. The
box represents the interquartile range, whiskers show the 5th—95th percentile, and the white line indicates the
median. Shaded regions reflect Lazard LCOE+ 2025 ranges. NOAK fusion sits within the natural gas and renewable

cost band across the majority of simulated outcomes.



5.6 Sensitivity Analysis

FOAK Mid- NOAK
(p)  Stage(p)  (p)
Overnight CapEx ($/kW) +0.69 +0.77 +0.80

Input Variable

Discount Rate (WACC) +0.53 +0.54 +0.49
Capacity Factor -0.45 -0.28 -0.18
Fixed O&M ($/kW-yr) +0.09 +0.14 +0.22
Plant Lifetime (years) -0.05 -0.05 -0.03

Table 4. Spearman Rank Correlations Between Inputs and LCOE. Positive values indicate inputs that raise LCOE
when increased; negative values lower LCOE when increased.

Spearman rank correlation was selected over Pearson correlation because the relationship
between inputs and LCOE is not assumed to be linear. Pearson correlation measures the strength
of a linear relationship between two variables, which requires that both variables follow a normal
distribution and that their relationship is proportional across the full range. Monte Carlo inputs
modeled as triangular distributions do not meet these assumptions, and LCOE responds non-
linearly to changes in inputs like WACC due to the compounding nature of the Capital Recovery
Factor. Spearman rank correlation instead measures the strength of the monotonic relationship
between two variables: whether one consistently increases as the other increases, regardless of
whether that relationship is linear. This makes it a more appropriate and robust measure for this

type of simulation analysis.

The correlation coefficients (p) in Table 4 range from -1 to +1. A positive value means that as
the input increases, LCOE increases (higher CapEx means higher cost, for example). A negative
value means the opposite, a higher capacity factor means more energy output from the same
plant, spreading fixed costs over more megawatt-hours and reducing LCOE. The magnitude of p
indicates relative importance: overnight CapEx at p = +0.80 at NOAK is far more influential
than plant lifetime at p = -0.03, meaning that uncertainty in CapEx drives far more variation in
LCOE outcomes than uncertainty in how long the plant operates. This analysis confirms that
capital cost reduction and not operational optimization is the primary lever for making fusion

economically competitive.



Figure 5: Sensitivity Analysis — Spearman Rank Correlation with LCOE
Magnitude indicates relative importance of each input variable

FOAK (~2035) Mid-Stage (~2042) NOAK (~2050+)
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Figure 5. Spearman rank correlations between each input variable and simulated LCOE output across 10,000
iterations. Overnight capital cost is the dominant driver across all three development stages.

Overnight capital cost is the dominant driver across all three stages (p = +0.69 to +0.80). The
discount rate is the second most influential variable. Plant lifetime shows negligible correlation
because the Capital Recovery Factor converges rapidly for lifetimes beyond 30 years at discount

rates above 7%.

5.7 Limitations

Input ranges are inherently uncertain. Fusion has no commercial operating history, so all cost
assumptions are derived from analogues and engineering estimates rather than observed data.
The model excludes transmission costs, decommissioning reserves, and tritium supply chain
development, each of which would modestly increase FOAK estimates. It also assumes inputs
vary independently, when in reality high CapEx and high financing costs tend to occur together,
meaning FOAK uncertainty is likely wider than the model shows. And like any economic model,
it is conditional on the technology actually working. That said, the consistency of NOAK results
across thousands of simulated input combinations is meaningful. Commercially competitive

fusion is achievable on economic terms if the engineering delivers.

6. The Hyperscaler Demand Signal: A Market Ready for Fusion

The economic case for fusion has always rested on a future market for large quantities of firm,
carbon-free power. That market is not in the future anymore. It exists today, it is growing faster
than almost anyone predicted, and it is being driven by a single industry that has made the

problem of 24/7 clean power both urgent and financially imperative.



6.1 The Scale of Hyperscaler Power Demand

The United States electricity system spent two decades in a period of flat demand growth: less
than 0.5% per year between 2007 and 2022. That is no longer the case in 2026 due to the

breakout of artificial intelligence.

A single hyperscale data center campus can consume more than 100 MW continuously, roughly
equivalent to the electricity needs of a mid-sized city (U.S. Department of Energy [DOE], 2024).
Grid planners nearly doubled their five-year load growth forecast in FERC filings, increasing
from 2.6% to 4.7% annual growth (DOE, 2024). The North American Electric Reliability
Corporation more than doubled its nine-year electricity demand projection in December of that
same year (DOE, 2024). U.S. data center power demand stood at approximately 25 gigawatts in
2024 and is projected to exceed 80 gigawatts by 2030 (McKinsey & Company, 2024).

This is not distributed load growth. Unlike the electrification of transportation, data center load is
concentrated, continuous, and completely inflexible. A GPU cluster running an Al training job
demands power at full draw, 24 hours a day, 365 days a year, with reliability standards requiring
99.999% uptime. The load profile of Al-driven data centers is essentially identical to the load

profile that baseload power plants were designed to serve.

6.2 The 24/7 Clean Power Problem

The hyperscalers have made commitments that compound the challenge. Google has committed
to operating on 24/7 carbon-free energy by 2030 (Google, 2023). Microsoft has committed to
being carbon-negative by 2030 (Microsoft, 2023). Amazon achieved 100% renewable energy
matching in 2023, five years ahead of its original target (Amazon, 2023).

These commitments sound straightforward until they encounter intermittent reality. McKinsey
and the Long Duration Energy Storage Council found that a 24/7 clean PPA relying on wind,
solar, and lithium-ion battery storage costs more than $200/MWh in most U.S. regions
(McKinsey & Company, 2022) which is two to four times the cost of a conventional renewable
PPA. The reason is structural: achieving genuine hourly clean energy matching requires massive
overbuild of variable generation capacity, plus enough storage to carry the system through multi-

day low-generation periods.



Google’s own internal modeling, cited in the DOE Advanced Nuclear Liftoff Report, found that
including clean firm technologies in its data center energy portfolio would reduce the cost of
meeting decarbonization targets by approximately 40% compared to relying solely on wind,
solar, and storage (DOE, 2024). This is not advocacy. It is the conclusion of the company that

operates more data centers than anyone else, running the analysis on its own load profile.

These companies are not paying a premium out of goodwill, but the math forces their hand.
Building equivalent reliability from wind, solar, and storage costs more than $200/MWh. Firm

clean power, even at a markup, is the rational choice. Fusion delivers exactly that.

6.3 What Hyperscalers Are Already Paying: Revealed Willingness to Pay

The most compelling evidence for fusion’s commercial opportunity is not projected but is

observed. The hyperscalers are paying substantial premiums for the closest available substitutes,

and the deals they are signing tell a clear story about what firm clean power is worth to them.

Buyer Counterparty Asset Capacity (est.) Term Type Est. Price (§/MWh) Year Source
Three Mile e ; ;
Microsoft Constellation Island restart 35 MW  20yr Cstmsmiclear o, 405 g3 JefferiesiLiang,
PPA 2024
(PA)
i Existing nuclear
Meta Constellation Energy Center LI12IMW  20yr P‘P " Undisclosed 2025 S&P Global, 2025
(L)
Susquehanna
. Co-located . . .
Amazon Talen Energy co-location 960 MW 10 yr nuclear Undisclosed 2024 Bird & Bird, 2025
(PA)
’ SMR fleet New-build SMR E Resources for the
g roS ver . . 5 i 2030+ sclos 2024
Google  Kairos Power T —e 00 MW 030 PPA Undisclosed 0 Future. 2024
First
Microsoft Helion Energy commercial ~1,000MW TBD  Fusion PPA Undisclosed 2023 Helion Energy, 2023
fusion plant
s Nuclear plants Multi- Existing nuclear s Latitude Media,
Meta Vistra (OH/PA) ~2,200 MW - PPA Undisclosed 2025 2026
Amazon oer® Northwest/ SMRfleet ) oo pw D NV PUMSMR iy disclosed 2024 Trellis, 2025
X-energy (WA) PPA

Table 5. Hyperscaler Revealed Willingness to Pay for Firm Clean Power.

The Microsoft/Three Mile Island deal is the only transaction with a publicly estimated price:
approximately $110—115/MWh, an 83% premium above prevailing retail electricity rates (Liang,
2024). Microsoft did not pay this premium out of nostalgia for old nuclear plants. It paid because
835 MW of firm, carbon-free baseload generation in PJM, where Microsoft has massive data

center concentration in Northern Virginia, could not be replaced for less.



Every other deal in the table is undisclosed, which is in itself informative. Buyers paying
premiums they do not want competitors to see are buyers for whom the alternative is materially
more expensive. In my opinion, the $110—115/MWh benchmark is likely a floor, not a ceiling,

for what firm clean power commands in constrained markets.

Now consider the Monte Carlo results. Fusion’s NOAK median LCOE is $45/MWh, with 90%
of simulated outcomes below $57/MWh. Even adding a margin for project risk and early-mover
premium, a fusion plant at NOAK economics should be able to offer power at $60-80/MWh and
still deliver returns that justify the capital investment. That is 30 to 45% below what Microsoft is
demonstrably paying today. The commercial case does not require optimism. It requires only that

fusion arrives at the cost trajectory the Monte Carlo analysis projects.

6.4 The Clean Firm Capacity Gap

The DOE Advanced Nuclear Liftoff Report frames the structural problem precisely: achieving
net-zero power in the United States by 2050 requires at least 700 to 900 gigawatts of additional
clean firm capacity (DOE, 2024). The sources of clean firm power are essentially four:
conventional nuclear, hydropower, geothermal, and fossil generation with carbon capture. All are

constrained.

Fusion enters this landscape not as a competitor to solar and wind, but as a complement. When
clean firm resources are included in the portfolio, overall system decarbonization costs fall
because less variable generation capacity, transmission, and storage must be built. California
modeling cited in the DOE report shows that system costs fall roughly 37% when nuclear is
included alongside renewables versus a renewables-only approach (DOE, 2024). The DOE
explicitly notes that data center load growth has “a particular need for carbon-free baseload
generation at industrial to utility scale with a limited footprint” (DOE, 2024). That description

fits a fusion plant exactly.

6.5 Regional Deployment and the PPA Structure

Fusion’s siting flexibility becomes a strategic asset when mapped against hyperscaler geography.
The largest data center concentrations are in Northern Virginia, Dallas-Fort Worth, central Ohio,

and suburban Phoenix and Chicago, three of which are under acute grid stress.



The PJM Dominion zone cleared capacity auctions at $444/MW-day in July 2024 because new
load is arriving faster than new generation can be interconnected (Congressional Research
Service, 2025). Northern Virginia has essentially no utility-scale renewable generation potential
due to land constraints and population density. Virginia's 2023 generation mix was 55.6% natural
gas and 32.6% nuclear, with wind accounting for less than 0.1% of output, a grid profile that
makes firm zero-carbon generation the only viable path to decarbonization (EPA, 2023).
ERCOT, the grid operator for most of Texas, documented the catastrophic reliability failure

during Winter Storm Uri in 2021 when intermittent generation failed during peak demand.

Commonwealth Fusion Systems has already identified this dynamic. Their first commercial plant
is sited outside Richmond, Virginia, squarely inside the Dominion zone of PJM and directly

adjacent to the world’s largest data center market. That is not a coincidence.

The DOE Liftoff Report notes that a consortium model, where multiple offtakers pool demand to
fund a series of plants of the same design, can break the first-mover disadvantage that otherwise
prevents any single buyer from absorbing the full cost premium of a FOAK plant (DOE, 2024).
The Boeing analogy applies: Boeing did not sell one expensive 787 loaded with all development

costs. It sold 50 to its first customer. Fusion requires the same logic.

7. Capacity Market Value: Why LCOE Understates Fusion’s Economics

Every analysis in this paper up to this point has compared fusion against alternatives using
LCOE. That comparison is useful, but it is also incomplete. LCOE measures the average cost of
generating a megawatt-hour without regard for when that electricity is produced, how reliable it
is, or what it costs the system to do without it. The DOE Advanced Nuclear Liftoff Report makes
this explicit: “LCOE does not capture the full benefits of nuclear as a clean firm resource” (DOE,

2024).

7.1 What Capacity Markets Are and Why They Matter

Capacity markets ensure that sufficient generation exists to meet peak demand, even when
energy market prices do not provide adequate investment incentive. PJM’s Reliability Pricing
Model runs forward auctions, typically three years ahead, where generators commit to being
available during peak demand periods in exchange for a capacity payment in dollars per

megawatt-day.



For baseload generators, capacity market revenue is a meaningful additional income stream that
does not appear in LCOE. A plant has two revenue sources: the energy market, where it sells
megawatt-hours, and the capacity market, where it earns payment simply for being available and

reliable. LCOE captures only the first.

7.2 PJM Capacity Prices: A Market Signal That Cannot Be Ignored

PJM Interconnection manages transmission for more than 65 million people across 13 states and
Washington D.C. Its capacity market has undergone one of the most dramatic price transitions in

U.S. energy market history.

In the July 2024 auction, PJM capacity prices cleared at $269.92/MW-day, a nearly tenfold
increase from the $28.92/MW-day in the prior auction (Congressional Research Service, 2025).
The Dominion zone cleared at $444.26/MW-day, the maximum allowable price, driven by

generation retirements, increased load from data centers, and market design reforms (S&P

Global, 2024).

The market did not revert. The July 2025 auction cleared at $329.17/MW-day, hitting the FERC-
approved price cap for the second consecutive auction (Utility Dive, 2025). The December 2025
auction cleared at $333.44/MW-day, the cap for the third consecutive auction, and PJM still fell
approximately 6,600 MW short of its target reserve margin (PJM Interconnection, 2025). The
signal is unambiguous: firm capacity in PJM is scarce, demand is growing, and the current

generation mix cannot keep pace.

7.3 Translating Capacity Prices into Fusion Economics

The capacity market revenue earned by a fusion plant at 90% capacity factor in PJM reduces the

LCOE to what I call the “effective LCOE”, the true net cost after accounting for all revenue

streams.
Metri Current FOAK  Mid-Stage = NOAK
ctric PJM Rate Fusion Fusion Fusion
PJM Capacity Price ($/MW-day) $333.44 $333.44 $333.44 $333.44

Annual Capacity Revenue ($/kW-yr) $121.71 $121.71 $121.71 $121.71

Capacity Revenue ($/MWh at 90%
CF)

Median LCOE ($/MWh) — $313 $107 $45

$15.40 $15.40 $15.40 $15.40



Effective LCOE After Capacity

— $298 $92 $30
Revenue
: +$191
vs. NGCC High ($107/MWh) above $15 below  $77 below

Table 6. Fusion Effective LCOE After PJM Capacity Market Revenue. Capacity revenue calculated as:
$333.44/MW-day x 365 days = $121,706/MW-yr = $121.71/kW-yr. Converted to $/MWh at 90% CF: $121.71 +
(0.90 x 8,760) x 1,000 = $15.40/MWh.

At current PJM rates, the $15.40/MWh in annual capacity revenue shifts fusion’s effective
NOAK LCOE from $45 to $30/MWh, which is below the floor of utility-scale solar and onshore
wind. The Mid-Stage effective LCOE falls to $92/MWh, comfortably below the NGCC ceiling.

7.4 The Long-Term Asset Value and Integrated Case

Beyond capacity revenues, the DOE identifies a further dimension LCOE misses: the post-
capital-recovery period. Nuclear plants, and by extension fusion plants, are designed to operate
for 40 to 80 years. Standard LCOE calculations recover capital costs over approximately 30
years, after which the levelized cost drops to essentially operating expenses, in the range of $30—
35/MWh for nuclear (DOE, 2024). Vogtle Units 1 and 2, expensive to build in the 1980s, now
provide clean, affordable power and could continue to do so for another 40 years. A fusion plant

built in the 2030s is a down payment on an asset producing clean firm power into the 2100s.

Pulling the value streams together: fusion’s total economic proposition in a high-demand grid
region like PJM consists of energy market revenue at or above NGCC pricing, capacity market
revenue worth approximately $15/MWh at current rates, and long-term post-capital operating
value extending well beyond the standard 30-year comparison period. Microsoft paying $110—
115/MWh for Three Mile Island power is not just an energy market transaction. Rather it is a 20-
year offtake commitment providing the revenue certainty lenders require to finance capital-
intensive generation. Replicated for fusion, it would allow FOAK plants to clear the financial

hurdle despite elevated initial LCOE.

8. Cost Decline and Learning Curves

No energy technology is cheap to initiate. The question for fusion is not whether costs will fall,

but how fast and from what starting point.



The learning curve (Wright’s Law) states that for every doubling of cumulative installed
capacity, costs fall by a fixed percentage. Solar PV has demonstrated a learning rate of roughly
20-25% per doubling. Onshore wind is around 12%. Nuclear fission in the U.S. had a negative
learning rate meaning costs went up as the industry scaled, largely due to regulatory complexity,

bespoke designs, and construction management failures (DOE, 2024).
Fusion’s learning rate is unknown. The analysis uses three reference cases:

Optimistic (Solar analog): 20% learning rate. Solar PV demonstrated a 24% learning rate
between 1976 and 2019, with costs falling from over $100/W to under $0.40/W across roughly
12 doublings of cumulative installed capacity (Way et al., 2022). Fusion benefits from modular
manufacturing, standardized designs, and a competitive supply chain. This is the most plausible
scenario for companies like Realta Fusion, whose compact magnetic mirror design is explicitly
engineered for modular, factory-scale production, the same structural advantage that drove

solar’s cost revolution.

Base (Wind analog): 12% learning rate. Meaningful but slower cost reduction, reflecting the

complexity of fusion systems relative to wind turbines.

Pessimistic (Fission analog): 5% or negative. Fusion faces the same bespoke construction,
regulatory, and supply chain challenges that plagued U.S. nuclear. The DOE confirms the U.S.
nuclear industry built more than 50 different commercial reactor designs, diluting learning
benefits (DOE, 2024). Fusion companies have the opportunity to avoid that mistake from the

start.

The key structural argument for optimism is that fusion companies are explicitly designing for
manufacturability. High-temperature superconducting magnets are being developed as modular,
factory-built components, a fundamentally different approach than the field-constructed, one-of-
a-kind vessels that defined first-generation nuclear. The April 2026 CFS-Realta partnership
formalizes this logic at the industry level: shared HTS magnet supply chain infrastructure serves
multiple confinement approaches simultaneously, compressing costs across the sector rather than

within a single company (Realta Fusion, 2026).



9. Deployment Scenarios

Based on the LCOE model, learning curve analysis, Monte Carlo results, and the hyperscaler

demand signal, I define three deployment scenarios for U.S. fusion through 2050.

Bear Case: Fusion Remains Niche. CapEx does not fall fast enough. Early plants underperform
on capacity factor. Hyperscalers cannot bridge the gap to FOAK economics. LCOE remains
above $150/MWh through the 2040s. Fusion serves only specialized markets where energy

security justifies a premium.

Base Case: Fusion Finds Its Lane. CapEx declines at a moderate rate consistent with the wind
analog. One or two hyperscalers commit to long-term offtake PPAs for the first five to ten plants,
funding FOAK and mid-stage deployment. LCOE reaches $80—100/MWh by the late 2030s,
competitive with new advanced fission. Capacity market revenues bring the effective LCOE to
approximately $65-85/MWh. Fusion captures a meaningful share of new firm clean power

capacity, particularly in PJM and ERCOT.

Bull Case: Fusion Scales. CapEx declines rapidly, driven by modular manufacturing and a
competitive supply chain, accelerated by shared infrastructure partnerships like the CFS-Realta
agreement announced in April 2026. A consortium of hyperscalers co-funds the first ten plants.
Policy support drives financing costs down. LCOE reaches $50—70/MWh by the early 2040s.
Capacity market revenues push the effective LCOE below $40/MWh. Fusion becomes a core

component of the U.S. clean power mix and a major export opportunity.

The base case is the most likely near-term outcome. It requires the hyperscaler demand signal to
materialize into binding offtake commitments, which the evidence in Section 6 suggests is
achievable. The bear case is a real risk if early plants underperform and damage investor

confidence before the learning curve takes hold.

10. Risks and Limitations

Technical risk. Fusion has never been operated as a commercial power plant, or even a pilot
plant. FOAK cost and performance assumptions are based on engineering estimates. Early plants

could significantly underperform on CapEx, capacity factor, or both.



Learning curve uncertainty. The learning rate analogies are reasonable but not guaranteed.
Fusion could follow a fission-like trajectory rather than a solar-like one. That difference is
enormous and depends on decisions being made right now about design, manufacturing strategy,

and regulatory structure.

Regulatory and permitting risk. The NRC is developing a fusion-specific regulatory
framework, but it is not yet finalized. A slow or burdensome process could significantly increase

FOAK costs and slow the learning curve.

Policy risk. Several bull case assumptions depend on sustained policy support including loan
guarantees, tax credits, and favorable grid interconnection rules. However, policy can change

rapidly.

Hyperscaler demand concentration. This analysis relies heavily on a small number of large
technology companies as the primary early offtakers. If hyperscalers redirect capital toward gas
with carbon capture or other alternatives on faster timelines, the demand signal that anchors

FOAK economics weakens materially.

Capacity market volatility. PJM capacity prices are at historic highs. Market reforms, new
transmission, or demand response programs could reduce scarcity and reduce capacity revenues

from the levels used in Section 7.

LCOE as a metric. LCOE does not capture the value of dispatchability, the cost of grid
integration for intermittent alternatives, or the option value of a technology that can be sited
anywhere. Fusion’s real economic value relative to renewables is likely understated by a pure

LCOE comparison.

These limitations do not undermine the analysis: they frame it. The goal is not a precise

prediction but a clear understanding of the conditions under which fusion succeeds or fails.

11. Conclusion

Fusion is real, it is coming, and the question of whether it succeeds is no longer primarily a

question of science, but a question of economics.

The Monte Carlo simulation establishes the cost baseline with quantitative rigor: 90% of

simulated NOAK outcomes land below $57/MWh, which is competitive with utility-scale solar



and wind, and well below conventional nuclear. Capital cost and discount rate dominate

everything else. Plant lifetime barely moves the needle.

It is also worth addressing why fusion specifically, rather than an expansion of conventional
fission. Both produce firm, carbon-free baseload power, but the distinctions are meaningful. On
safety, fusion is fundamentally different from fission. A fusion reaction cannot run away or melt
down because the plasma is so difficult to sustain that any disruption simply stops the reaction.
There is no chain reaction to control. On waste, fission produces spent fuel that remains
radioactive for tens of thousands of years and requires permanent geological storage; fusion
produces no long-lived radioactive waste, with activated reactor components decaying to safe
levels within approximately 100 years. On land use, a fusion plant's small physical footprint and
lack of geographic constraints means it can be sited directly adjacent to demand centers without
the large exclusion zones or cooling water requirements that constrain fission siting. On installed
capacity, the United States has not completed a new fission reactor in decades, and the two most
recent, Vogtle Units 3 and 4, came in over $35 billion and more than seven years late. Fusion,
designed from the start for modular manufacturing and standardized construction, is explicitly
trying to avoid that trajectory. The case for fusion is not simply that it is cheaper than fission at
NOAK. It is that fusion offers a path to firm clean power that fission, given its cost history,
regulatory complexity, and public perception challenges, is unlikely to provide at the scale the

grid requires.

The most important finding in this paper is not in the Monte Carlo output. It is in the market
evidence. Hyperscalers are already paying $110—115/MWh for nuclear power because firm
carbon-free generation in constrained grid regions is worth that much to them. Every other deal
in the revealed willingness to pay dataset is undisclosed, meaning buyers are paying premiums
they do not want competitors to see. Delivering 24/7 clean power through renewables and
storage alone costs more than $200/MWh. Adding clean firm power to the portfolio cuts that cost
by 40%. The demand for exactly what fusion is designed to produce already exists, it is large and
growing, and the buyers are demonstrating their willingness to pay through actual transactions at

actual prices.

The capacity market analysis adds a further dimension. PJM capacity prices have hit their price

cap for three consecutive auctions, and the system is still falling short of its reserve margin



target. Converting those payments to effective LCOE impact reduces fusion’s net cost by
approximately $15/MWh, bringing the NOAK effective LCOE to $30/MWh, below the floor of

any major generation technology.

The learning curve analysis shows that the design choices being made today — around
modularity, manufacturability, and standardization — will determine which trajectory fusion
follows: a solar trajectory or a fission trajectory. The industry is beginning to share critical
infrastructure across confinement approaches: the CFS-Realta partnership announced in April
2026 provides HTS magnet supply chain access to magnetic mirror systems, tokamaks, and
potentially other approaches simultaneously, compressing cost curves sector-wide rather than

company by company. This is how mature industries form.

Fusion is not competing with solar and wind for the cheap, abundant generation role. It is
competing to be the backbone of a clean grid, the always-on power source that makes high
renewable penetration reliable and that satisfies the 24/7 clean power requirements that the
largest buyers in the electricity market are willing to pay a substantial premium to meet. That is a

valuable role, and it is one no other technology fills cleanly at scale.

The next decade will determine whether fusion earns that role. The economics say it can. The

market evidence says the demand is there. The execution is what remains to be proven.
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