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Powering the world without producing carbon is a major challenge facing humanity. Wind
and solar are making great strides, but even with low-cost storage, these may not be sufficient for
the growing power needs of the world. Nuclear fusion has been proposed as another source of
power. Most fusion reactors under development are designed to burn Deuterium-Tritium (DT)
fuel which presents major challenges due to the need to breed Tritium (from lithium) and the high
neutron wall loads in these machines. An alternative aneutronic reaction, Deuterium-Helium-3
(D–3He), has been proposed to reduce the neutron wall load issues. However, Helium-3 is rare
on the Earth, limiting the applicability of such machines for grid-scale power. Helium-3 exists
in the moon and the gas giants, but accessing it will require space infrastructure. The Princeton
Field Reversed Configuration (PFRC) microreactor concept leverages D–3He for cleanliness
and can be configured as a reactor or a propulsive device, Direct Fusion Drive (DFD). In this
paper we describe an architecture to obtain helium-3 from Uranus using Direct Fusion Drive
fusion propulsion. The architecture consists of modular power plants on the Earth’s surface
comprised of 10 MWe PFRC units and a set of fusion-propelled helium-3 transports that would
fly between the Earth and Uranus delivering helium-3 from atmosphere plants. Atmosphere
mining with a fusion-powered ramjet may reduce the overall mining system mass considerably
from prior work. This paper provides a cost estimate of the system including the capital cost
and the operational cost. This leads to estimates of the Levelized Cost of Electricity (LCOE) for
PFRC-produced grid-scale power.

I. Acronyms
DT Deuterium-Tritium
EARS Energy and Ash Removal Shell
FRC Field Reversed Configuration
DFD Direct Fusion Drive
LEO Low Earth orbit
LUO Low Uranus orbit
MeV Million electron volts 6 ×10−14 J
NIAC NASA Innovative Advanced Concepts
PFRC Princeton Field-Reversed Configuration
PSS Princeton Satellite Systems
RF Radio Frequency
RMF Rotating Magnetic Field
U-He3PP Uranus helium-3 process plant
UFS Uranus Fuel Shuttle

II. Introduction
Powering the world without producing carbon is a major challenge facing humanity. Wind and solar are making

great strides, but even with low-cost storage these may not be sufficient for the growing power needs of the world.
Nuclear fusion has been proposed as another source of power. Progress is being made by commercial companies,
such as Commonwealth Fusion Systems and government projects such as ITER. Most such projects plan to use
Deuterium-Tritium (DT) fuel which presents major challenges due to the need to breed Tritium (from lithium) and the
high neutron wall loads in these machines.
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An alternative reaction, Deuterium-Helium-3 (D-3He), has been proposed. While the main reaction is aneutronic,
side reactions do produce some neutrons though with much lower energy than in a DT reaction. One of the side
reaction’s branches produces tritium and it is advantageous to exhaust it before it fuses, to reduce wall damage. This
leads to small machines, which are in the power range of 1-10 MW. This range is ideal for modular and portable power
systems, including near-term space systems. The Princeton Field Reversed Configuration (PFRC) is one configuration
that is designed to burn D-3He. From an engineering standpoint, PFRC isn’t much more complex than an advanced
MRI machine combined with a gas turbine engine. Due to the high “beta" of the Field Reversed Configuration, PFRC
can theoretically achieve the temperatures needed to burn D-3He at modest magnetic fields.

The PFRC can be configured as a reactor or a propulsive device, Direct Fusion Drive (DFD) [1, 2]. Direct Fusion
Drive has been previously presented at the IAC conferences [1, 3–6] and at AIAA conferences [7–11]. These mission
studies show the advantages of a nuclear fusion propelled spacecraft for deep space missions. Work on the PFRC
experiment has been funded at the Princeton Plasma Physics Lab by the Department of Energy. Prior papers [2, 12–14]
describe some of the underlying physics. Recent experimental work done by Princeton Fusion Systems and the Princeton
Plasma Physics Laboratory supports theoretical predictions of the PFRC heating method. [15, 16]

An additional challenge for the PFRC is that helium-3 is scarce on Earth. Large scale use would require either
breeding in deuterium-deuterium (D-D) machines or acquisition from extraterrestrial sources. Helium-3 exists in larger
quantities on the moon and in the atmospheres of the gas giant planets. Prior studies suggest that, if a suitable propulsion
system can be developed, obtaining helium-3 from the gas giants will likely be more economical than from the moon.
This is largely because the lunar regolith contains only an estimated 3.4-15.1 ppb 3He [17], while the Uranus atmosphere
is 15% helium with a 3He fraction of 1e-4 - or 15,000 ppb 3He. [18]

This paper presents an architecture for delivering helium-3 in large quantities from factories in the atmosphere of
Uranus where helium-3 is plentiful. Project Daedalus from the BIS studied fusion-powered architectures for helium-3
mining with the intent of storing large quantities for fueling interplanetary spacecraft.[19] Palaszewski extended this
architecture to nuclear electric vehicles, as a more near-term technology.[20–23] The architecture proposed here consists
of modular 10 MW fusion plants on the Earth surface and a set of fusion-propelled helium-3 transports that would fly
between the Earth and Uranus delivering helium-3 from atmosphere plants. Atmosphere mining with a fusion-powered
ramjet may reduce the overall mining system mass considerably from prior work. This would utilize modern membrane
separation techniques for the gas isotopes which are in commercial use today. [37, 38]

III. Mission Architecture and Concept of Operations
The proposed architecture is shown in Figure 1. PFRC is used for the helium/hydrogen processing plant, the Uranus

Fuel Shuttle (UFS) and the transfer vehicle that brings helium-3 back to the Earth. A direct fusion drive (DFD) transfer
vehicle would bring the processing plant to Uranus and transfer fuel back to Earth. Using fusion as the baseline
propulsion technology reduces the mass of all the components as compared to earlier architectures predicated on nuclear
electric propulsion, which has at best 1/5 the specific power of fusion. Palaszewski [18] uses reference specific powers
of 10, 20, and 40 kg/kWe for the nuclear electric system while the target specific power of a direct fusion propulsion
system is 1 kg/kWe. The higher specific power also shortens the one-way trip time, from 6 years to Uranus to only 3.
This in turn reduces the number of vehicles needed in the overall architecture to deliver a given rate of helium-3 to Earth.

The system components are:
• Launch vehicle to bring components into LEO
• Uranus helium-3 processing plant (U-He3PP)
• Uranus Fuel Shuttle (UFS), with a DFD ramjet, to bring helium-3 to Low Uranus Orbit (LUO)
• DFD interplanetary transfer vehicle (freighter)
• Reentry vehicle to bring helium-3 to the Earth’s surface

It may be possible for the helium-3 processing plant and the shuttle ramjet to be the same vehicle, eliminating one
component. This is discussed further in Section VI. There are many possibilities for optimizing the architecture, in
terms of the orbits at Earth and Uranus where the helium-3 is transferred, or whether Lagrange point stations are used
with additional vehicles. In this paper, we will focus on sizing the freighter for the Earth-Uranus leg, and a conceptual
design of a fusion ramjet. The mission concept of operations is

1) Launch the U-He3PP into LEO
2) Launch the UFS into LEO
3) Launch two DFDs and dock with the UHe3PP and UFS in LEO
4) Use the DFDs to transfer the UHe3PP and Uranus shuttle to Uranus
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DFD Tanker Enters Earth Orbit
Reentry Vehicle Delivers 3He to Earth

DFD refuels and takes on 3He cargo in Uranus orbit

Airship processes 3He and 
D (for the DFD tanker)

DFD ramjet brings 3He 
and D to tanker

DFD Tanker flies between the Earth and Uranus

Fig. 1 The Uranus fuel mining and delivery architecture.

5) The UHe3PP and shuttle enter into the Uranus atmosphere while the DFDs remain in orbit
6) Processing starts
7) The shuttle brings the first fuel load to one of the DFDs
8) Launch a helium-3 reentry vehicle into LEO
9) The first DFD returns to Earth. It rendezvous with the reentry vehicle in LEO

10) The reentry vehicle brings the helium-3 to Earth
11) The second DFD is fueled and returns to Earth
12) The first DFD returns to Uranus, etc.
The total payload mass delivered to Uranus depends on the mining technology and the rate at which helium-3 should

be returned to Earth. Table 1 shows the relevant metrics. Returning 50 MT of helium-3 to Earth per year would meet
much of the power needs of the United States as based on 2021 capacity. If each freighter can carry 25 MT of mined
helium-3, so that two freighters must return each year, given the 3 year trip time the architecture should support about
10 freighters.

Table 1 Uranus Mining Mission Metrics

Metric Value
US Power capacity, 2021 1.2 TW
Helium-3 consumed per TW 54 MT
Helium-3 payload per year 50 MT
Freighter deliveries to Earth per year 2
Uranus-Earth trip time 3 years
Total freighters needed, 25 MT capacity 10
Hydrogen in Uranus atmosphere 82.5% [24]
Helium in Uranus atmosphere 15.2% [24]

26% mass fraction
Helium-3 fraction in He 1e-4
Helium-3 production rate 134 kg/day
Uranus atmosphere processing 5.15x106 kg/day

3



IV. Core Fusion Power Plant
We will provide a summary of the PFRC and DFD here for the reader’s convenience.

A. PFRC and DFD Fusion Microreactor
The Princeton Field-Reversed Configuration (PFRC) machine configuration employs a radio frequency (RF) plasma

heating method, odd-parity rotating magnetic field (RMF) heating, first theorized in 2000 [12] and demonstrated in the
PFRC-1 experiment in 2006 [13]. Experiments are ongoing with the second-generation machine, PFRC-2, (Figure 2).
When scaled up to achieve fusion parameters, PFRC would result in a 4-8 m long, 1.5 m diameter reactor producing 1 to
10 MW. This reactor would be uniquely small and clean among fusion reactor concepts, producing very low levels of
neutrons. Neutrons would be at 2.45 MeV, much lower energy than D-T reaction neutrons, and would only be produced
by D-D side reactions. Neutrons cannot be directed and therefore can’t contribute to thrust.

Fig. 2 A plasma shot in the PFRC-2 experiment at PPPL.

A block diagram of the key engine components is shown in Figure 3. The startup system, for energizing the
superconducting coils, spinning up the Brayton cycle compressor, and starting the fusion reaction, is in the upper
right corner [25]. The fusion vacuum vessel is orange. The RMF system is depicted above the vacuum vessel. Coil
refrigeration is on the right. The heat recycling system is on the bottom.
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Fig. 3 Block diagram of the DFD engine.

Previous RF configurations for heating FRC plasmas generally utlized a picture-frame antenna that resulted in a
near-FRC plasma but with open magnetic field lines. We call this even-parity heating due to the symmetry of the
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induced magnetic field. Open field lines allow the plasma to escape and reduce confinement time. In contrast, each of
the four PFRC antenna sections is two joined rectangles. Two pairs operate 90◦out of phase on adjacent sides of the
plasma. An antenna (wrapped in orange Kapton tape) is visible on the side of PFRC-2 in Figure 2. This results in
so-called odd-parity heating — the magnetic field on one side of each figure-8 is in the opposite direction as the other
side — and closed field lines in the generated FRC. Closed field lines keep the plasma trapped as it is heated. The
oscillation of the currents in the RF antenna results in a rotating magnetic field, with about 0.1-1% of the strength of the
axial magnetic field.

The PFRC is specifically designed to have ultra-low radioactivity. Being a “high-𝛽” machine, that maintains a high
ratio of the plasma pressure to magnetic pressure it can achieve the high temperatures necessary to burn helium-3 (3He)
and deuterium (D) in a compact machine. The reaction equations are:

D + 3He → 4He (3.6 MeV) + p (14.7 MeV) (1)
D + D → T (1.01 MeV) + H (3.02 MeV) (2)
D + D → 3He (0.82 MeV) + n (2.45 MeV) (3)
D + T → 4He (3.5 MeV) + n (14.1 MeV) (4)

Simply burning 3He-D at high temperatures in a large FRC reactor could result in an increase in neutrons due to the
above side reactions. PFRC has three features that greatly reduce the number and impact of the neutrons from this
baseline: one, the small size of the reactor (∼25 cm plasma radius) results in a favorable ratio of surface area to plasma
volume, reducing the wall load compared to larger machines; two, we can adjust the operating fuel ratio of 3He:D
upwards to as much as 3:1, sacrificing some power density for lower neutron production; three, the reactor is designed
to rapidly eliminate the tritium produced by the D-D side reactions, preventing any D-T reactions from occurring. This
means that the only neutrons produced are those with an energy of 2.45 MeV.

The tritium is eliminated due to its interaction with the shell plasma surrounding the fusion region. The size of
the reactor is such that the so-called FRC 𝑠-parameter,[26] which scales with the ratio of the fusion-product triton
gyro-radius to the scrape-off-layer radius, is low - about 2.3. This forces the tritons to pass through the shell plasma
repeatedly. When the tritons pass through the cool shell plasma, electron drag causes energy to be transferred from the
tritons to the shell plasma electrons. The triton is quickly captured by the shell plasma field lines and flows out the open
end of the reactor. The burn-up time for energetic tritons to fuse is about 20 seconds, while the time in which it will cool
and be trapped in the shell plasma is less than 0.01s [5]. The same process occurs for the other fusion ash products,
which are all effectively exhausted.

The PFRC is well suited for use as space propulsion for two reasons: one, the configuration and small size results in a
tremendous reduction of neutron production compared to other D-3He approaches, as described above; two, the directed
axial flow of cool shell plasma which absorbs the energy of the fusion products. When the divertor end of the PFRC is
configured with a magnetic nozzle, the reactor becomes the Direct Fusion Drive (DFD). Adding additional propellant to
the external flow results in a moderate thrust, and high specific impulse exhaust stream. This process is called thrust
augmentation. The low neutron production is crucial to minimizing the shielding required while in transit, maximizing
the engine-specific power. The maximum thrust for a given power, based on UEDGE [27], is 5 to 10 N/MW [8]. This
leads to a practical lower exhaust velocity limit of 70 km/s assuming a 0.4 power to thrust conversion efficiency.

The fact that DFD is so compact, has a linear form, and will be limited to 1 to about 10 MW, makes it well-suited to
a variety of space missions. Figure 4 shows a CAD model of a reactor configured as a power reactor. This type of
reactor would be used on the Uranus fuel processing plant. A reactor configured as a rocket engine is shown in Figure 5.
A magnetic nozzle is on the end. The cutaway view does not show the heat engine or superconducting magnet cryostats.
The transfer vehicle engine mass breakdown and power flow is shown in Figure 6.

The specific mass computation includes not only the magnets and their cooling equipment, structure, heating, and
conversion subsystems, but also the shielding and radiators. The heating and conversion systems are scaled from simple
specific mass factors. The mass is dominated by the radiators. 270 kW is available for electric power use in spacecraft.
The magnet subsystem includes an array of eight flux-conserving, superconducting magnets and two stronger mirror
magnets. The magnet cryocoolers are a substantial additional mass. The axial magnets will maintain a central field of
about 5.5 T while the mirror magnets will require a field of about 15 to 20 T.
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Fig. 4 1 MWe power reactor similar to one proposed for the Uranus fuel processing plant.

Fig. 5 1 MWe power reactor configured as a rocket engine.
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Fig. 6 Power and mass model for a 10 MWth transfer vehicle engine.

B. PFRC-2 Experimental Results
Princeton Satellite Systems with PPPL received funding from ARPA-E’s OPEN 2018 program to upgrade the

PFRC-2 experiment into the theoretically predicted ion heating regime. The goal is 1 keV ion and electron energies

6



achieved with up to 0.1 T central magnetic field and 200 kW RF power at 1 to 2 MHz. This requires the implementation
of additional co-axial coils (called “belt coils") to increase the magnetic field and modification of the RF amplifiers,
transmission lines, and tank circuits to decrease RMF frequency, previously from 4 to 12 MHz. The RF modifications
are complete installation of additional high-voltage capacitors in new copper enclosures, while belt coils have not yet
been installed. The upgraded RMF𝑜 system is operating at 1.8 MHz as of December, 2022, and ion heating experiments
will take place throughout 2023.

Recently published results cover measurements of neutral densities with TALIF [28], and improved methods for
gathering and analyzing radiation emitted by the plasma. [15, 16] The experiments with the two-photon-absorption
laser-induced fluorescence (TALIF) diagnostic, constructed and operated by Dr. Arthur Dogariu of Princeton University,
were supported by ARPA-E and the Princeton Collaborative Low-Temperature Plasma Research Facility (PCRF). Studies
were made on methods to achieve higher plasma density, within a factor of 5 of a PFRC-type reactor, and of the spatial
profiles and time evolution of neutral atomic hydrogen (H◦) density, important to power loss and current profile. The
TALIF diagnostic achieved temporal and spatial resolutions of 10 `s and 1 mm respectively, and a minimum detectable
density less than 1010 cm−3. Higher plasma densities have been achieved in PFRC-2 by increasing the axial magnetic
field strength from 100 G to 350 G, increasing the RMF𝑜 power to 100 kW, and using higher mass fill gases. With Kr
fill gas, densities near 1014 cm−3 were achieved. Knowledge of the neutral density is critical to assessing and controlling
plasma current loss and particle and energy confinement in present-day fusion reactor devices.

To measure ion energy distributions in PFRC-2, a stripping-cell electrostatic ion-energy analyzer (SC-IEA) has been
designed, constructed, calibrated, and tested, also with support from ARPA-E.[29, 30] Its energy range is 200 to 2000
eV with a resolution of Δ𝐸/𝐸 ∼ 7%. The ion energy distribution measurements will provide a test for the ion heating
predictions for the RMF method.[31]

V. DFD Interplanetary Transport Vehicle
The DFD-powered transport will bring mining payloads to Uranus and return with helium-3. The straight-line

delta-V for 20 AU is 128.33 km/s. Table 2 shows an engine power and vehicle design assuming 50 MT payload capacity.
This is all portions of the spacecraft that are neither the engines nor the propellant tanks. Of this payload capacity, 25
MT (50%) is allotted for returning helium-3. It is assumed that the freighter will be refueled with both helium-3 fusion
fuel and hydrogen or deuterium propellant at Uranus. All fuel and propellant masses in the table are one-way. Delta-Vs
for entering or departing Earth or Uranus orbit are not included. The escape velocity from a 300 km Earth altitude is
10.9 km/s and from an 800 km Uranus altitude is 21 km/s.

Table 2 DFD Transport Freighter Point Design

Distance 20 AU
Travel time 3 years
Exhaust velocity 150 km/s
Specific Power (Jet) 0.5 kW/kg
Jet Efficiency 50%
Fuel Tank Fraction 5%
Payload Mass Fraction 0.26 mP/m0
Payload Power Fraction 3.80 kg/kW
Jet Power 13.16 MW
Total Power 26.32 MW
Thrust 175.42 N

Total Initial Mass 192.5 MT
Fuel Mass 110.7 MT
Dry Mass 81.8 MT
Payload Mass 50 MT
Engine Mass 26.3 MT
Mass 3He 4.26 kg
Mass D 2.84 kg

26.32 MW is a fairly modest power, and could be accomplished with potentially 2, 3 or 4 DFD engines. However,
smaller engines and vehicles may be cheaper to develop, launch, and operate. Table 3 shows a simple scaling of the
engine power with assumed payload mass for the same 3 year Uranus trip. The payload and fuel mass fractions are the
same, 26% and 57.5% respectively, and the payload mass scales linearly with power. The equivalent spherical radius for
the Helium-3 tank, assuming it is stored as a liquid at a density of 59 kg/m3, is also given. Figure 7 shows the conceptual
DFD transfer vehicle. The radiators are sized assuming a hot temperature of 625 K.
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Table 3 DFD Transport Size Comparison

3He Payload 25 MT 10 MT 5 MT
Flights per Year 2 5 10
DFD Power 26.32 MW 10.5 MW 5.26 MW
Initial Mass 192.5 MT 77 MT 38.5 MT
3He Tank Radius 4.7 m 3.4 m 2.7 m

Fig. 7 Transfer vehicle conceptual design. Shown with two DFD engines. Dimensions in meters.

VI. Uranus Atmosphere Processing Plant
Bryan Palaszewski [18, 32–35] has explored the processing of helium-3 from the gas giant atmospheres. Both

aerostats [36] and atmosphere cruisers have been considered. The processing plant will need to produce both helium-3,
deuterium, and hydrogen. The helium-3 is needed both to fuel the mining stations and shuttle’s fusion engines, and as
the end product to be returned to Earth. The deuterium is also needed as a fusion fuel. The hydrogen is needed as
propellant for the Uranus-Earth return trips. The mining requirement per year is 50 MT of helium-3, and about 225 MT
hydrogen. This sets a production rate for the mining operation of 134 kg/day of helium-3 and 608 kg/day of hydrogen.
Assuming the mass fraction of helium in this atmosphere is 26%, and that the fraction of helium-3 in the helium is
1e-4, this means that in excess of 5,150 MT of atmosphere must be processed per day (61 kg/s). The helium-4 can be
discarded.

Possible technologies for helium-3 extraction include cryogenic liquification and membranes. With the membrane
method, a fusion ramjet may be able to both process the atmosphere and deliver the purified propellants to the DFD
transport in high Uranus orbit, without requiring a separate mining platform. This would greatly simplify the entire
architecture. Helium extraction using membranes is a commercially available technology [37, 38]. Helium production
company North American Helium recently started helium production. The plant produces helium with a purity from
99% up to 99.999% utilizing Air Liquide’s modular helium purifier technology [39]. Helium-3 can also be separated by
using membranes [40]. This will likely be a much lighter option than cryogenic purification techniques.

For the ramjet design, we created a simple atmosphere model for Uranus using an exponential density model and an
interpolated temperature model derived from [24]. The helium fraction is nearly constant at 15% by volume below 500
km, while at about 600 km the atmosphere is nearly 100% hydrogen. The atmosphere is very cold, less than 200 K at
the target mining altitudes. Figure 9 shows the simplified atmosphere model and Figure 10 shows the resulting drag
force at orbital velocity.

Table 4 shows a point design of a fusion-powered ramjet with an inlet area sized to ingest atmosphere at a rate of 65
kg/s. Only a small fraction of this airflow needs to be passed to the ramjet to overcome drag, which is proportional to
the wing area. The wing area is sized to balance the gravitational force. The total dry mass of 10 MT is notional, and
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future work will be needed to estimate the mass of the mining subsystem, airframe, thermal protection system, and
cryogenic fuel storage and transfer systems. For comparison, Palaszewski’s mining platform was sized with a capacity
of 500 kg of helium-3.

Table 4 DFD Ramjet Point Design

Dry Mass 10 MT
Altitude 150 km
Cruise Velocity 13.5 km/s, 90% orbital velocity
Mach 21.3
DFD Ramjet Power 1 MW
Angle of attack 8 degrees

Capture Inlet Area 3 m2

Ram Inlet Area 0.075 m2

Exit area 1 m2

Wing area 10 m2

Thrust Force 5×104 N
Drag Force 2.5×104 N
Lift Force 1.2×104 N

A conceptual design of the fusion-powered aerospacecraft is shown in Figure 11. The ascent would use a combination
of ramjet ascent and DFD rocket thrust. The plot on the right shows the inlet area necessary to ingest 65 km/s as a
function of cruise speed.
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Fig. 11 Uranus Ramjet Atmosphere Processing Shuttle.

VII. Levelized Cost of Electricity
Levelized cost of electricity (LCOE) is an economic metric in units of currency per kWh used to price electricity in

an energy-generating system [41]. LCOE is calculated for a system using the following equation:

𝐿𝐶𝑂𝐸 =
(𝑂𝐶𝐶) (𝐶𝑅𝐹) + 𝑓 𝑂𝑀

(8760) (𝐶𝐹) + (𝐹𝐶) (𝐻𝑅) + 𝑣𝑂𝑀 (5)

where 𝑂𝐶𝐶 is overnight capital cost, 𝐶𝑅𝐹 is capital recovery factor, 𝑓 𝑂𝑀 is the fixed operation and maintenance cost,
𝐶𝐹 is capacity factor, 𝐹𝐶 is fuel cost, 𝐻𝑅 is heat rate, and 𝑣𝑂𝑀 is the variable operation and maintenance cost.

The overnight cost of a reactor can modeled as

𝑐 = 𝑎1 sin−1 (𝑎2𝑝) + 𝑎3 (6)

where 𝑝 is power and 𝑎𝑘 are coefficients that fit the cost data. The model for PFRC is shown in Figure 12. The
minimum cost for this reactor is $4M. This cost is due to components such as mirror magnets, software, diagnostics,
data processing, etc. that do not scale with size. This is based on a bottoms up estimate of costs for the reactors.
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Fig. 12 Princeton Field Reversed Configuration (PFRC) overnight cost model.

The capital recovery factor accounts for annuities received over a given technology’s lifetime, and is modeled as

𝐶𝑅𝐹 =
𝑖(1 + 𝑛)𝑖

(1 + 𝑖)𝑛 − 1
(7)

where 𝑖 is interest rate and 𝑛 is the lifetime of the technology [41]. For the purposes of calculating the LCOE of a
PFRC, we assume an interest rate of 3% and a 20 year lifetime, which equates to a CRF of 0.067. The levelized cost of
electricity for various existing power generating technologies is shown in Table 5.

Table 5 Levelized cost of electricity of various power generation methods. [42–44]

Overnight Fixed Variable
Capital Cost Heat Rate O&M O&M Fuel Cost LCOE

Technology $/kW Btu/kWh $/kW-yr $/MWh $/kWh $/kWh
Biomass (BBFB) 4985 13500 110.00 4.20 0.28 0.36
Combustion Turbine (CT) 1101 10000 17.50 3.50 0.15 0.16
Advanced Combustion Turbine (ACT) 678 9800 6.80 10.70 0.14 0.16
Ultra Supercritical Coal (USC) 3636 8800 42.10 4.60 0.09 0.13
Natural Gas Combined Cycle (NGCC) 978 6600 11.00 3.50 0.097 0.11
Photovoltaic Fixed 2671 0 23.40 0.00 0.00 0.09
Photovoltaic Tracking (20 MW) 2644 0 23.90 0.00 0.00 0.09
Advanced Nuclear (AN) 5945 0 100.28 2.30 0.00 0.06
Onshore Wind (WN) 1877 0 39.70 0.00 0.00 0.05

To estimate LCOE for PFRC, we must estimate the fixed and variable operations and maintenance (O&M) costs -
𝑓 𝑂𝑀 and 𝑣𝑂𝑀 , as well as the fuel costs. We based our O&M costs on those published for advanced and small modular
fission reactors (SMRs). Per the existing regulations, an operating nuclear power unit would require a minimum of 2
senior reactor operators (SROs) and 2 reactor operators (ROs). Given the PFRC’s inherent safety compared to a fission
reactor, it is reasonable to assume a PFRC could function with a low proportion of on-site operators to reactor units
through multi-unit and/or remote operation as is proposed by NuScale Power for their SMRs. Assuming three 8-hour
shifts and a single 1 MWe PFRC, this leads to a fixed O&M cost of $2400/kW-yr. Allowing a single control room to
operate multiple PFRCs, such as a set of ten 1 MWe units controlled by 3 SROs and 3 ROs, brings the fixed O&M cost
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to $360/kW-yr, an 85% reduction in fixed O&M cost from single unit operation. If you assume that operating a 10 MWe
PFRC requires the same staff, and follows the same maintenance schedule, then these costs would scale linearly, with a
fixed O&M for a 100 MW plant with 10 PFRCs being just $36/kW-yr.

The variable O&M costs of a PFRC will be a much smaller component of the LCOE than the fixed O&M costs.
Typical combustion turbines have a variable O&M of $3.50/MWh, while advanced nuclear and SMRs report variable
O&M costs of $2.30/MWh and $3-$4/MWh, respectively. It is thus reasonable to assume that the PFRC will have a
variable O&M of approximately $3.50/MWh. Even significant variations in variable O&M will cause only minute
changes in estimated LCOE values.

The fuel cost of the helium-3 is the next factor. We are comparing four sources: existing terrestrial market, terrestrial
breeding from D-D reactors, and Uranus mining. For the existing market, we assume a spot price of $2000 per liter (at
STP), which is $15M per kg. The deuterium spot price is $1897 for 850 L of D2 gas (Cambridge Isotopes, March 2020),
or $13,362/kg. The D-D breeder reactors plus the main D-3He reactor will consume 5 deuterium for every Helium-3,
assuming a 1:1 fuel ratio, which reduces the cost by a factor of over 300 compared to the terrestrial Helium-3. (The 5:1
atomic ratio converts to a 3.3 mass ratio.)

Table 6 Levelized cost of electricity estimates for PFRC

Overnight Fixed Variable
Capital Cost Heat Rate O&M O&M Fuel Source Fuel Cost LCOE

Technology $/kW Btu/kWh $/kW-yr $/MWh $/kWh $/kWh
PFRC - 1 MW 10,000 11374 360 3.5 Terrestrial 0.31 0.445
PFRC - 1 MW 20,000 11374 360 3.5 DD Breeders 0.0045 0.308
PFRC - 1 MW 10,000 11374 360 3.5 Uranus 0.026 0.157
PFRC - 10 MW 1614 11374 36 3.5 DD Breeders 0.0045 0.054
PFRC - 10 MW 1614 11374 36 3.5 Uranus 0.026 0.050

The closest NASA mission to the scale of a DFD transport is the Jupiter Icy Moons mission, which became known
as Prometheus [45]. The approximate cost for the spacecraft is $8B, for a 16,000 kg spacecraft. The fission reactor is
about half of this mass, producing 100 kWe (80 kg/kWe). Comparing the nuclear electric system to a fusion system, the
complexity of the energy conversion system is the same, based on a Brayton cycle; but the fuel cycle is much simpler, by
eliminating the safety and security issues surrounding uranium. The fusion system is 10 to 50 times more mass efficient,
which further reduces development and launch costs. Therefore, we would expect the fusion system to be less expensive.
Based on this we allocate $1B for the DFD transport and $300B for the mining infrastructure for a nominal helium-3
cargo capacity of 5 MT. Cost assumptions for the proposed infrastructure to mine Helium-3 from Uranus, assuming a
baseline mining rate of 5 MT helium-3 per year, are:

• $300B for the mining infrastructure (Uranus ramjet processing)
• $1B for each Helium-3 transport vehicle
• 5000 kg total Helium-3 mined per year
• 12 transports operate, each with a lifetime of 36 years and a roundtrip transit time of 6 years
• Transport operating cost of $50M/year, similar to Voyager, assuming they are unmanned

Using these assumptions, we can estimate that the cost of the mined Helium-3 is $1.85M/kg, which would be equivalently
$248 per liter. If we assume that the lifetime of the transports is only 30 years, the price rises to $2.2M/kg, or $295/liter.

The fuel costs for the Uranus mined Helium-3 are about 1/15 of the terrestrial spot costs, and with the D-D breeder
reactor, fuel costs are smaller still. The entire infrastructure for the Uranus mining operation is absorbed in the fuel
cost, so the investment costs for the terrestrial and extraterrestrial options are the same. The Breeder option has higher
investment costs reflecting the cost of additional reactor(s), assuming the same power operator operates the breeder
and the power reactors. The Variable O&M is a very small contributor. The results for terrestrial Helium-3 are very
sensitive to the heat rate, or the assumed total efficiency of the plants. If the total thermal efficiency to net power can
be increased from 30% to 40%, the terrestrial LCOE drops to 37 cents per kWh from 45 cents. Figure 13 shows an
example of fuel cost scaling with fusion thermal efficiency. In this case, a transport payload of 10 MT of helium-3 is
assumed, so that the baseline transport and mining infrastructure costs are higher. Higher thermal efficiency may be
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Table 7 LCOE Model Inputs for PFRC Power Plants

Thermal Efficiency 30-40%
Heating Rate 11,374 BTU/kWh for 30% efficiency

8,530 BTU/kWh for 40% efficiency
Capital Recovery Factor 0.067
Fixed O&M 360 $/kW-yr, 1 MW

36 $/kW-yr, 10 MW
Variable O&M 3.5 $/MWh
Overnight Capital Cost, 1 MW reactor 10,000 $/kW
Overnight Capital Cost, 1 MW D-D reactor 15,000 $/kW
Capacity Factor 92.5

Table 8 Helium-3 cost model result

Model $/kg $/L
Terrestrial D Spot Price $13,362 $2
Terrestrial 3He Spot Price $15,400,000 $2000
Uranus Mined 3He $1,853,000 $248
D-D Bred 3He $44,539 $6

obtained from cycle optimization of working fluid, pressure ratio, etc; or adding topping cycles or direct conversion.
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Fig. 13 Fuel Cost from Uranus Mining Vs. Fusion Thermal Efficiency

VIII. Conclusions
We have presented an infrastructure for mining helium-3 from Uranus for powering advanced fusion reactors on

Earth. This is enabled if a fusion propulsion system can be developed with the target specific impulse and specific
power. Conceptual designs for the fusion-powered vehicles show reasonable vehicle sizes. Processing the atmosphere
directly with a fusion-powered ramjet would eliminate the need for a separate mining platform, reducing mass delivered
and development costs. Initial cost estimates for the space infrastructure show terrestrial electricity prices may be
competitive with wind and solar power. Future work should focus on the feasible processing rates of actual atmospheric
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processing equipment, especially using membranes, and the subsystem masses of the mining platform. In addition,
the mining vehicle’s transition from ramjet to DFD operation during orbital ascent and descent should be analyzed to
account for the necessary fuel mass.
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