Fusion, the process that powers stars like our Sun, promises an
inherently safe, near-limitless clean electricity source for the
long term, using small amounts of fuel that can be sourced

The Rac e tO worldwide from inexpensive materials.
FuSion Energy Once realized, fusion energy will be abundant, economic, clean,

safe, and globally deployable. Fusion energy will open limitless
opportunities for revolutionary advancements in human
civilizations.

June 2024

To put in perspective: all the atomic energy stored in 1g fusion
material can power NYC peak demand for 10s, assuming 100%
system efficiency.

Source: energysingularity.cn
Inspirations: https://understand-energy.stanford.edu/energy-resources/nuclear-energy/nuclear-fusion



https://understand-energy.stanford.edu/energy-resources/nuclear-energy/nuclear-fusion

‘ Summary

A few words on fusion technology The market and the fusion business Questions to ask every fusion startup
The science is well understood The market is (perhaps overly) optimistic Where is your triple product at?
* Fusion is conceptualized in the 1920s * Lots of public & private funding (~$4bn in the US). What is your plan to increase Q?
* Demonstrated demand as Al revolution unfolds.
There is a popular way of doing things » Aggressive timelines for commercialization.
o D_T quion iS the most popular approach 102 Tru‘)le Product vs Pe‘ak Temperature Achieved
* Tokamaks are still the favorite design for startups Business models are simple Necessary for
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Nuclear Fusion History

Brief History of Fusion Energy The present and future
Theoretical Foundations & H-bomb
“21920s: Arthur Eddington proposes hydrogen fusion as ““November 2021: Sam Altman invests $375 million into
energy source for stars. Helion Energy.
21951: First H-bomb test demonstrates uncontrolled fusion “December 2022: Lawrence Livermore National Lab’s NIF
detonated by the US at Marshall Islands in the Pacific Ocean. first achieved net energy gain (a.k.a. ignition).
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Is fusion energy forever 50 years

“1960s: Concept of inertial confinement fusion (ICF) away or are we already at the
doorstep of infinite clean energy?

e
5
(¢}
=
=
Q
o
S
=h
5
o
=
(¢}
=
=
e
=
2,
S
S

operational, focusing on achieving ignition.

Illustration credit: CTVC



Endeavors to pursue fusion energy

‘ a 50+ countries ITER $4.1 Billion

Involved in research on plasma _ . . . : :
35 countries collaborating build the Cumulative investment in fusion up

hysics and nuclear ener ,
pt e}::hn ology developm engty world’s largest fusion reactor to Q1724

40+ private $50 million

comp anies Investment from US Government
into private ventures

9 national labs 50 universities

Involved in fusion research Conducting fusion research

In the fusion space



https://understand-energy.stanford.edu/energy-resources/nuclear-energy/nuclear-fusion
https://www.ctvc.co/fusion-powers-ahead-189/

Roadmap

Partial Fusion Energy Landscape
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What 1s Fusion?

Fusion, the process that powers stars like our Sun, promises an inherently safe, near-limitless clean electricity
source for the long term, using small amounts of fuel that can be sourced worldwide from inexpensive materials.

Nuclear Energy What it is

Fusion Combining lighter atoms to form a heavier one

Fission Splitting a heavier atom into lighter ones

Fusion fuel is abundant and extremely energy dense <insert example>.

Classical

Energy

However, the most difficult part of fusion 1s overcoming the electromagnetic force to
fuse positively charged protons (aka getting over the coulomb barrier).

Nuclei have to overcome the
Coulomb barrier

Nuclei can tunnel through
the Coulomb barrier

>

Internuclear distance




Fusion Reactions

Fuel Mix

In the sun
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Deuterium-Tritium Fusion

Deuterium-Tritium fusion is the most promising hydrogen
fusion reactions. 2D can be found in the ocean, and ;T can be
synthesized from Li blankets in the fusion reactor.

D-T (9 + C% —_—> @ + Q

Deuterium Tritium Helium-4 (a) Neutron

Alternative fusion reactions are deuterium-deuterium fusion,
deuterium-helium-3 fusion, proton-boron fusion, etc. It also
produces a free neutron, which we can use for tritium breeding
using a lithium breeder blanket, so the intent is we can produce
self-sustaining tritium within the chamber.

temperature [keV]
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Credit: nature.com, Wikipedia



Steps to produce endless energy in a fusion plant

It takes a few steps for a fusion plant to keep the lights on... «

i Fusion Power

Energy Gain Factor

~ Power Injected

Initial Fusion Reaction

Inject fuel, heat up fuel.

Goal: Achieve extremely high temperature (/00 million Kelvin) and pressure (20 billion atm) to
supercharge the internal energy of atoms in the fusion fuel, creating a fusion plasma.

Why: to bring atomic nuclei so close that they penetrate the coulomb barrier, produce strong
interaction force, and therefore, release a large amount of energy (AE).

Net Energy Gain

Energy output from fusion exceeds the energy input (Q* = 1), as described by the Lawson Criterion,
which compares the rate of energy generation vs dissipation via radiation and conduction; it is a triple
product of high pressure (ensure plasma density), temperature (more energy), and high confinement
time (7, time for which plasma retains energy before losing it to the surroundings) dictate if the rate
of fusion energy gain surpasses the rate of energy dissipation via radiation and conduction.

r

i Pressure X Temperature X Confinement Time i

m Self Sustaining/Ignition

After achieving net energy gain, self-sustaining reaction requires fusion to produce more energy than
(1) energy dissipation and (2) energy required to maintain Lawson Criterion.

Specifically, we could manipulate (1) temperature (RF heating, ECRH, NBI), (2) density (control
injection rate and location), (3) increase energy confinement time, (4) alpha particle self heating, etc.

Classical

Energy

Nuclei have to overcome the
Coulomb barrier

Nuclei can tunnel through
the Coulomb barrier

Internuclear distance
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Do we need self sustaining reactions in IC

Is pulse generation ICF specific, and conti
generation MCF specific?

To further increase Q, do we need to furth
energy in system?

*QQ = fusion power out/power injected


https://books.google.com/books?id=e6jEZfO2gO4C&printsec=frontcover&source=gbs_ge_summary_r&cad=0

Fusion Reactor Archetype & Key Metrics
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A spectrum of reactor attempts will optimize different factors of the Lawson Criteria:
Pressure X Temperature X Confinement Time

What systems are here, generally

e Fusion fuel cycle system
e Reactor chamber
* Thermal cycle

Fusion Energy “Breakevens”

What it means

Scientific
Breakeven

Q*=0

Engineering  Fusion power can self-
breakeven power the reactor system.

In addition to above, fusion
power plant can sell
electricity to the grid.

Economic
Breakeven




Reactors aim to “confine” the fusion plasma to achieve self-sustaining
reactions upon ignition; there two extremes of approaches: MCF and ICF

Optimizing Pressure X Temperature X Confinement Time

Magnetic Confinement Fusion (MCF) Inertia Confinement Fusion (ICF)
Specialized configurations of magnetic fields confine charged particles in the burning plasma

An impulsive laser burn while the fuel is confined by its own inertia
Tokamak Engines

Pressure X Temperature X Confinement Time

Stellarator Laser-Hohlraum Device
Inner poloidal field coils i 73 . Inner cone Implosion process

(primary transformer circuit) —_, Cepsuleschematic), _ | <4 28.5¢ Bath of hohlraum
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(secondary transformer circuit)
n
Symmetrical donut-shaped vacuum chamber,

Twisted donut vacuum chamber, doesn’t rely on

What relies on currents inside the plasma, poloidal currents inside the plasma, no poloidal coil in Fuel pellets directly hit by lasers, rapidly heated and compressed to

coil in the middle middle achieve ignition
Pros Techm‘c.ally simple, cheaper than stellarator, Require legs 1nJecte.:d. power to sustain plasmg, Compact device, doesn’t need a steady-state magnetic field
scalability, most researched approach greater design flexibility, steady-state operations
: 0/ ~(0 C .
Cons Risk of instability in plasma, pulsed operations Increasing complexity, high manufacture cost Low laser efficiency(5%-20%), pulsing ignition puts strain on the

power grid, low scalability
Example Experimental Advanced Superconducting Wendelstein 7-X (W7-X) National Ignition Facility (NIF)
Facility Tokamak (EAST) ? China

¢ Germany ?usa



Six fusion reactor designs, by both private firms and governments, using
MCF, ICF, or somewhere 1n between.

Fuel capsule

Stellarator

(Wendelstein 7-X)

A complicated twisted loop of magnetic fields confines the
plasma easier than Tokamaks. High simulation complexity,
high manufacture cost.

Tokamak Laser Hohlraum Device
(ITER, EAST, and other government facilities) (NIF)

The traditional approach. Superconducting magnetic coils
— cooled by liquid helium — hold plasma in a toroidal
vessel. The most common plasma confinement approach.
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Laser compressing and heating fuel pellets to replicate
conditions in the cores of stars.

B

90]

2

g

s

S

@)

)

w

2 :

= ° ° ° : ° .

al Mini Tokamak Magnetized Target Reactor Linear (Colliding Beams) Reactor
(Tokamak Energy, Commonwealth Fusion and others) (General Fusion) (TAE Technologies) ‘
High temperature superconductors that generate Pistons rapidly compresses the liquid metal-confined Packets of plasma fired into a central chamber and

stronger magnetic fields. More compact, low cost. plasma to induce fusion. Low-cost path to fusion*. rapidly rotate inside a solenoid.

IMlustration credit

*Los Alamos (htt rna 'prl/ act/10.1103/PhysRevLett.82.2681)



Roadmap to Commercialization

Grid Integration: fusion plants (assume tokamaks) pulsed and steady-state operation to generate electricity

Function like baseload Steady-State Generation Pulsed Generation
Operating like a traditional power plant Constant power output Requires shutdown for a short time and restart
Fusion plant N
= 53
Fusion Thermal Power 83 g o
Core Storage conversion % g" =]
L2 Z o Byl
:f;x::"m'ng gen;ffe‘: Schwartzman et. al 2023: The value of fusion energy to a decarbonized United States electric grid

To fulfill climate promise, fusion needs to have the most beautiful cost curve in history

g0 Schwartzman et. al claims that capital cost
% 3008 = Nuclear for fusion is $2,700-$7,500/kW.
?.;, ~Gas (peaker) o )
E 2508 \ Thermal Solar Utility-scale solar PV + battery cost is
g - conservatively $1,800/kW.
£ 5008 Coal
8200 - . . .
g Geothermal Will fusion be able to compete with the cost
< 1508 ~Natural Gas of wind/solar + storage?
2 yd Solar Panels
g 1008 ‘)%=<’\_i ~Wind Will the true role of fusion not to solve the
E w5 . e — climate crisis but advance human
. —_ civilization?
2009 2011 2013 2015 2017 2019 2021 2023


https://www.lazard.com/research-insights/2023-levelized-cost-of-energyplus/
https://atb.nrel.gov/electricity/2022/utility-scale_pv

‘ Notable startups in the space
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Funding Landscape

11 $5.3 Bn $13.3 Bn 60%

Startups surveyed Total funding raised Total valuation Founded after 2010

Fusion Funding

$2,000M
$1,800M
$1,600M
$1,400M
$1,200M
$1,000M
$800M
$600M
$400M
$200M I .
oM . . I - - -
Commonwealth TAE Helion Energy General Fusion Tokamak Neo Fusion ZAP Energy Energy Kyoto Type One Marvek Fusion
Fusion Systems Technologies Energy Singularity Fusioneering Energy



Fusion Reaction Route

D-T Fusion

D-He3 Fusion

P-B Fusion

Unknown

Fusion startups landscape

4

A~ Commonwealth
7\~ Fusion Systems

wtae

Most concentration of funding
amount and companies

-

&5 ., | generalfusion
ﬁge\é%.s Tokamak Energ;"". S |£ HELION ZAP ENERGY
I+ HELION
wtae
ONE Neo Fusion
ENERGY A\ MarvelFusion o
> ® FUSIONEERING
MCF MIF ICF >

Magnetic Confinement Fusion

Magneto-inertial fusion

Inertial Confinement Fusion

Reactor Technology

Other

D-T Fusion is the most
popular reaction route.

MCF and MIF are the
most popular confinement
routes.



Each Startup has their unique differentiation point, some have business
models other than just “building a fusion reactor”

Amount Reaction onfinement
Reactor Tech Differentiation

Commonwealth 2000M D-T fusion MCF Compact Tokamak High temperature superconducting (HTS) magnets that allow for significantly stronger
Fusion Systems ’ with HTS magnets magnetic fields that can enable smaller, high performing systems at significantly lower cost.

Magneto-inertial

TAE Technologies 1,320M p-B fusion MCF (FRC) fusion Reaction route (proton Boron fusion), pulsed fusion system.
Helion Energy 608M D-He3, D- MCF (FRC) Magneto-mer‘ual Reaction route (D-He3), pulsed non-ignition fusion system, direct electricity generation w/o
D, D-T fusion steam cycle
o * Liquid lithium around the machine to solve the first wall problem, help tritium rebreeding,
. . Magneto-inertial .
General Fusion 418M  D-T fusion MCF + ICF . and aid heat transfer.
fusion . C
* Pistons for compression is driven by steam.
Compact spherical * They have HTS magnet business selling to other sectors.
Tokamak Energy 258M  D-T fusion MCF tokamak with HTS ¢ Key advantages: efficiency (less of the energy produced is needed to run the device),
magnets spherical shape enhances plasma stability and confinement, cost-effectiveness.
Neo Fusion 217M  N/A N/A N/A N/A
ZAP Energy 197M  D-T fusion Current Z-Pinch Z-Pinch technology with electric currents (original proposed way to achieve fusion)
. . . Compact Tokamak High temperature superconducting (HTS) magnets that allow for significantly stronger
E 1 D-T fi MCF . . . . )
nergy Singularity 12IM uston with HTS magnets magnetic fields that can enable smaller, high performing fusion systems.
Kyoto Fusioneering M N/A N/A N/A Design and.sell peripheral fusion systems (plasma heating (gyrotron) system, fusion fuel cycle
system, fusion thermal cycle system)
Stellarator allows lower energy input to sustain plasma, high-performance computing to
Type One Energy 79M  N/A MCF Stellarator

optimize reactor design
Marvek Fusion 40M N/A ICF Laser Hohlraum  Nanostructure rods in fusion fuel pallets



Reality Check:

. . . . ! This is where every startup wants to I
Commercial fusion will not come as quickly as we hoped | e, bt o ane o vt :
102 Triple Product vs Peak Tempegature Achieved :
3 i *ﬁ
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] D-T lant
1022 4 power plan : oITER :
100 million Kelvinin <+ Helion Energy (with their reaction . 1 @ Tokamak I (Projected 2035-2040) I
plasma (key route this doesn’t mean much) E 0] @ Stellarator 1\1-1:1:—2(: S iﬁp%gﬁlgé@ S
. . a
milestone) Tokamak Energy . ® Dinch 8 %TEQO% 96
[ap)
'5 1020 4 ® Z Pinch o'\ lcaton 1984
Scientific Breakeven None = MagLIF WX 2017
(only National Ignition Facility) & ] & ® Alcator A 1978
%4: 10% 3 FRC @ TFR 1981
- ] @PLT 1976
S O TFR 1974
Engineering None < 10'® - @ FuZE 2018
breakeven £
© @ST 1972
2, 1017 5
= @ T-3 1969TPA 2011
= ]
1016 4
Economic Breakeven None
1015 | ®zeTA 1057 _ Futionenergybase.com

0.1 1.0 10.0 100.0
Peak Temperature 7' (keV)

Figure from 2019, so likely outdated

https://www.fusionenergybase.com/article/measuring-progress-in-fusion-energy-the-triple-
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The cutting-edge, new frontier for fusion technologies

* Fusion fuel: Tritium is very scarce and expensive
* Reactor material: to avoid neutrons (first wall, metal blanket, etc)
* Energy conversion: steam cycle (30-40% efficiency) vs convert to direct current

* Value chain: from fuel to peripheral systems to core reactor manufacturing to grid
Integration

* Breaking the cost curve & finding its best application: powering Al & data
centers? How can these reactors be made cheaper and more efficient?




Regulatory and Policy Landscape

* NRC regulatory policy: fusion will not be regulated as fission but will be
regulated as a particle accelerator, due to inherent differences in risk levels

WIP




. . (+ HELION
Company Analysis — Helion Energy

Information Technical Fundamentals

Year 2013 e Pro 1: Produces less neutrons,

. *  Pro 2: Charged particle can directly be used as electricity.
Founded/HQ Everett, WA D-He3 Fusion *  Con 1: Fuel mix much less (50X drop) reactive -> more engineering challenges.
*  Con 2: D-D fusion (produces neutron) is more reactive under ~300 million K

. Plasma accelerator to

Description .
harness fusion energy

*  Due to technical constrains of reaction route, they likely will need neutron blankets just

LG 2L A like all other startups with D-T fusion.

# Employees 213




Appendix




Fusion Fuel Cycles

D-T

Benefits: The lowest temperature for a fusion reaction to occur; fastest reacting fuel cycle, with very large energy output per reaction.
Challenges: Tritium is a radioactive element - it does not occur in nature and must be bred; its associated neutrons will accelerate aging in
power plant materials.

D-He-3

Benefits: Substantially less radioactivity and production of tritium than with D-T fusion, leading to longer power plant life; most energy
output per reaction, largely in the form of energetic protons, which makes direct energy conversion possible.

Challenges: Residual radioactivity; reacts slower than the D-T fuel cycle; no terrestrial He-3 resources - must be mined on the lunar
surface.

p-B11

Benefits: Aneutronic (primary reaction yields no neutrons); cleanest, safest, highly abundant, and environmentally friendly fusion pathway;
enables scalable, cost-competitive electricity.

Challenges: Requires superior confinement and operational conditions to reach the considerably higher temperatures needed; reacts more
slowly than other fuel cycles; less energy output per reaction.



Magnetized target fusion

* It’s a combination of MCF and ICF.
* Like MCEF, fuel confined at lower density while heating into plasma

 Like ICF, fusion mnitiated by squeezing target to greatly increase fuel density and
temperature

* The key 1dea 1s that longer confinement times and better heat retention will let
MTF operate

 https://generalfusion.com/fusion-demo-plant/



https://generalfusion.com/fusion-demo-plant/

Helion Energy

T =T

vy | ‘ | 'l \1
Heliéh‘“SL‘ru-siun fte&’?fhé)lbby

Helion's fusion generator raises fusion fuel to temperatures greater than 100
million degrees Celsius and directly extracts electricity with a high-efficiency
pulsed approach.

* Formation: Deuterium and helium-3 fuel is heated to plasma conditions. Magnets confine the plasma in a field reversed configuration (FRC)

It confines a plasma on closed magnetic field lines without a central penetration.l'2l In an FRC, the plasma has the form of a self-
stable torus, similar to a smoke ring.

* Acceleration: magnets accelerate two FRCs to 1 million mph from opposite ends of the device - they collide in the center.

* Compression: FRCs collide in the center of the system, further compressed by magnetic field until they reach fusion temp: (>100Mil C aka 9
keV)

* Fusion: as they fuse, plasma expands.

* Direct Electricity capture: as plasma expands, it pushes back on magnetic field from machine’s magnets. Change in magnetic field induces
current (faraday’s law) will directed get recaptured as electricity (skip the steam cycle)


https://en.wikipedia.org/wiki/Field_line
https://en.wikipedia.org/wiki/Field-reversed_configuration
https://en.wikipedia.org/wiki/Field-reversed_configuration
https://en.wikipedia.org/wiki/Smoke_ring

‘ Kyoto Fusioneering

Illustrating Fusion Energy Power Plant and Our Enabling Technology Focus

Fusion Thermal Cycle System
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& 2023 KYOTO FUSIONEERING LTD. All Rights Reserved.




‘ Marvel Fusion GmbH

Laser strips away the electrons in nanostructure rods and
the protons get released to hit other parts of the fuel
pellet to produce fusion reaction




Tokamak Energy: Compact Spherical Tokamak
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SRkt RFERER RO EEENRARRAMEED, NTFEERERDE, HEEBAFEIEEFEE X [oai_citation:5,ITER - Performance - European Commission](https://commission.europa.eu/strategy-and-
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[oai_citation:6,Status of the Organization](https://www.iter.org/legal/status) [oai_citation:7,ITER - Performance - European Commission](https://commission.europa.eu/strategy-and-policy/eu-budget/performance-and-
reporting/programme-performance-statements/iter-performance_en),
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policy/eu-budget/performance-and-reporting/programme-performance-statements/iter-performance_en),
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Type One Energy: Stellarator

OUR
TECHNOLOGY




/AP Energy

We stabilize plasma using sheared
flow rather than magnetic fields.

Driving current through the flow creates the magnetic
field, confining and compressing the plasma.

A current travels in the z-direction through the plasma.
The current generates a magnetic field that compresses
the plasma. Pinches were the first method for human-
made controlled fusion.22128] The z-pinch has inherent
instabilities that limit its compression and heating to
values too low for practical fusion. The largest such
machine, the UK's ZETA, was the last major experiment of
the sort. The problems in z-pinch led to the tokamak
design. The dense plasma focus is a possibly superior
variation.



https://en.wikipedia.org/wiki/Fusion_power
https://en.wikipedia.org/wiki/Fusion_power
https://en.wikipedia.org/wiki/ZETA_(fusion_reactor)
https://en.wikipedia.org/wiki/Dense_plasma_focus

Some useful links on fusion science

e https://en.wikipedia.org/wiki/Fusion energy gain factor#cite note-
FOOTNOTEMcCrackenStott200542-18

e https://en.wikipedia.org/wiki/Lawson criterion

 https://en.wikipedia.org/wiki/Fusion 1gnition

 https://www.lInl.gov/article/50801/lInls-breakthrough-ignition-experiment-
highlighted-physical-review-letters

 https://www.fusionenergybase.com/



https://en.wikipedia.org/wiki/Fusion_energy_gain_factor
https://en.wikipedia.org/wiki/Fusion_energy_gain_factor
https://en.wikipedia.org/wiki/Lawson_criterion
https://en.wikipedia.org/wiki/Fusion_ignition
https://www.llnl.gov/article/50801/llnls-breakthrough-ignition-experiment-highlighted-physical-review-letters
https://www.llnl.gov/article/50801/llnls-breakthrough-ignition-experiment-highlighted-physical-review-letters
https://www.fusionenergybase.com/

