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Nuclear fusion is the process that powers the Sun: lightweight atoms (like hydrogen) slam together at
extremely high temperatures to form a heavier atom (helium), releasing energy in the process. In a
fusion reactor on Earth, the idea is to heat two isotopes of hydrogen — deuterium (D) and tritium (T) —
into a hot gas (plasma) so that their nuclei fuse. When D and T fuse, a helium nucleus (alpha particle)
and a neutron emerge, carrying about 17.6 MeV (million electron volts) of energy per reaction. This
energy, if harnessed, can heat a working fluid to drive turbines and generate electricity. By contrast,
fission (used in today’s nuclear power plants) works by splitting heavy atoms (like uranium) into lighter
fragments. A uranium nucleus breaks apart (often when hit by a neutron) into two medium-weight
atoms plus a couple of neutrons, releasing about 200 MeV of energy per fission. In essence, both fusion
and fission convert a tiny bit of mass into energy (as Einstein’s £ = mc? predicts), but they do so from
opposite ends — fusion joins small nuclei, fission splits large ones.

In plain terms, fusion needs extreme conditions — temperatures over 100 million °C so that atoms are
moving fast enough to overcome their mutual electric repulsion and collide. To achieve this on Earth,
reactors like the tokamak use powerful magnetic fields to confine the hot plasma (since no solid
container could withstand direct contact with 150-million-degree gas!). Fission, on the other hand, can
happen at much lower energies — the challenge in fission reactors is maintaining a chain reaction. In a
fission reactor, emitted neutrons from each split can strike other nuclei to keep the reaction going. This
chain reaction is controlled with materials that absorb neutrons (control rods) to ensure the reactor
doesn’t heat up too quickly. Fusion has no self-sustaining chain reaction; it must be continuously
supplied with external energy (to heat the plasma) and fresh fuel, or it will simply fizzle out. This
fundamental difference makes fusion inherently “switch-off-able” — if anything goes wrong, the reaction
stops (a safety upside), whereas fission needs careful failsafe systems to shut down. But it also means
fusion is hard to ignite and sustain in the first place.

To compare the two: The fuel for fission (uranium) is a solid metal that is packed into fuel rods and lasts
in the reactor core for several years, whereas fusion fuel is a gas (D and T, forms of hydrogen) that must
be continuously injected into the plasma. Fission produces a lot of highly radioactive waste (the spent
fuel contains unstable fission fragments that remain radioactive for thousands of years), whereas
fusion’s primary “waste” product is helium — an inert gas. However, fusion’s high-energy neutrons can
make the reactor structure radioactive (more on that later). Energy density is where fusion truly shines:
per kilogram of fuel, fusion releases many times more energy than fission, and millions of times more
than chemical fuels like coal. For example, a 1000 MWe coal plant burns on the order of 2.7 million
tonnes of coal per year, whereas a 1000 MWe fusion plant would consume on the order of only 250 kg
of fusion fuel per year
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(that fuel is 50% deuterium, 50% tritium). Deuterium is abundant in water (about 0.015% of hydrogen in
seawater is deuterium), but tritium is a rare, radioactive isotope that must be bred or manufactured.
We'll discuss the implications of that shortly. First, let’s look at what it takes to keep a fusion reactor
running continuously.

Challenge 1: Sustaining a Stable Fusion Plasma

One of the biggest hurdles for a fusion reactor is maintaining a stable, continuous fusion reaction in a
large volume of plasma. Imagine trying to keep a sunburn-hot ball of gas burning steadily inside a
chamber without touching the walls. In a tokamak (the leading fusion reactor design), strong magnetic
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fields twist and loop the plasma into a donut shape, preventing it from touching the vessel. The plasma
volume in a power-producing tokamak would be enormous — on the order of 1,000 cubic meters (for
reference, the ITER experimental reactor’s plasma volume is about 840 m?3). Keeping conditions uniform
across this entire volume is extraordinarily hard. The fusion reaction rate is supersensitive to
temperature and fuel concentration. A slight drop in temperature or a tiny shift in the mix of Dand T in
one region can make the fusion reaction fizzle out locally. Because the plasma is so thin (at ITER, only a
few grams of fuel are actually in the plasma at any given moment
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), it cools down in a flash if heating is interrupted. There is almost no thermal inertia — unlike a fission
reactor core (tons of solid fuel and coolant that coast along for a while), a fusion plasma can go from
burning to extinguished in milliseconds if conditions deviate from the narrow optimal range. This fast
thermal response means operators have to control the plasma in real-time with incredible precision.
Stability is a major concern. In a fission reactor, the chain reaction has self-regulating aspects (if the fuel
overheats, the reaction slows due to physics like the Doppler effect) and the large mass of coolant and
fuel moderates changes. In fusion, by contrast, there’s no self-regulating chain reaction — it's more like
balancing a needle on its tip. The plasma can develop instabilities (waves, eddies, or abrupt losses of
confinement called “disruptions”). Those instabilities can quench the fusion burn or even physically
damage the reactor (if the super-hot plasma suddenly strikes the vessel walls). Engineers use
sophisticated magnet controls and feedback systems to tame these instabilities, but achieving steady-
state (continuous) operation is immensely challenging. So far, fusion experiments have mostly operated
in short pulses (on the order of seconds to minutes at most) because sustaining stability over long
periods is uncharted territory. For a power plant, though, we’d want a plasma that burns non-stop for
months. Developing plasma control techniques that can handle that without a collapse is an active area
of research.

Another aspect of stability is the fuel distribution in the plasma. Because the plasma is so reactive to
changes in fuel concentration, the fusion fuel (D and T gases, often injected as frozen pellets) must be
fed in continuously and very precisely. The goal is to keep the fuel density and mix just right throughout
the huge volume. If one region gets a bit too much fuel, it might cool locally or overshoot in reactivity;
too little fuel and the reaction may die out in that spot. This tightrope act is complicated by the fact that
fusion fuel doesn’t burn completely in one pass — only a small fraction (on the order of a few tenths of a
percent or less) of the injected D/T actually fuses before the rest is pumped out or “ash” accumulates. In
current experiments, the burn fraction of tritium fuel has been extremely low (orders of magnitude less
than 1%), and even a future power reactor will likely burn only a few percent of the fuel in each cycle.
That means a continuous throughput of fuel: fresh D/T must enter while waste helium and unused fuel
are extracted simultaneously. The plasma is effectively an open flow system, unlike a fission core which
is a sealed system where fuel stays put. This makes the fusion core much more complex to operate —
more akin to running a rocket engine (with constant propellant flow and exhaust) than a static solid-fuel
furnace.

Challenge 2: Fuel Injection and “Ash” Removal in Real Time

In a 1000 MWe fusion reactor (x2857 MW thermal output), the plasma would be burning on the order
of 10°<sup>18</sup> fusion reactions per second. That sounds like a lot — and it is — but because fusion
is so energy-dense, it corresponds to only about 0.7 kg of fuel consumed per day (roughly 0.3 kg of
deuterium and 0.4 kg of tritium per day in an ideal scenario). In practice, more fuel must flow through
the system due to the low burn-up fraction. Estimates for a power plant indicate on the order of 250 kg
of D/T fuel would be processed per year to yield 1000 MWe
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. This works out to only a few milligrams per second of fuel feed on average — about a pinch of material
each second — but those milligrams must be delivered in a very controlled fashion. Tiny ice pellets of D/T
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can be shot into the plasma, or gas can be puffed in through valves, but in either case the timing and
location of fuel injection need fine-tuning to maintain uniform plasma conditions. Any small variation in
fueling rate or mix could either starve the reaction or choke it. Operators must also avoid “over-fueling”
which can cool the plasma (too much neutral gas can radiate energy away). It’s a delicate balance of
adding just enough fuel to keep the fire burning without snuffing it out or blowing it up.

Meanwhile, the waste helium produced from fusion (often called “helium ash”) accumulates in the
plasma. Helium nuclei (alpha particles) actually help by depositing their energy back into the plasma
(that’s a-particle self-heating, which is crucial to sustaining the burn once ignited). However, after giving
up their energy, those helium atoms become dilution mass — they are “ash” that no longer contributes
to fusion. If helium ash builds up, it displaces the fuel ions and can dilute the plasma, lowering the fusion
rate. Moreover, helium (and any other impurities that might sputter off the reactor walls) can radiate
energy and cool the plasma. Therefore, the helium ash must be continually removed. In a tokamak, this
is done by having the magnetic field lines at the edge of the plasma direct particles outwards to a region
called the divertor — essentially an exhaust system. The divertor is a set of plates (made of very heat-
resistant material like tungsten) where the plasma edge touches and releases particles. Helium nuclei
and unburned D/T ions flow to the divertor, get neutralized, and are pumped away by a vacuum system.
This continuous removal of waste from a fusion plasma is unique; a fission reactor, by contrast,
generates waste products that mostly stay locked inside the fuel rods until refueling. In a fusion plant,
handling the exhaust is a full-time, active process. The quantity of helium produced in a 1000 MWe D-T
reactor would be on the order of the fuel consumption — roughly hundreds of kilograms of helium per
year (e.g. fusing ~500 kg of D+T total would yield ~~400 kg of helium ash, since each reaction produces
one helium atom). This helium emerges as a hot, fully ionized gas that must be cooled and safely
handled. Although helium itself is not radioactive, the neutron radiation from fusion can activate other
materials in the exhaust system and tritium can stick to surfaces, so even the “waste” handling in fusion
needs radiation precautions.

The fast response and low fuel inventory also make the fusion plasma inherently unstable to
disturbances. Imagine trying to keep a car running when the fuel line only holds a few seconds’ worth of
fuel at any time — any hiccup in fuel flow and the engine sputters immediately. Fusion is similar: because
there are only a few grams of fuel in the chamber at once, if the feed is interrupted the reaction stops
almost instantly. Conversely, in a fission reactor, there is a large reserve of fuel in the core (several tons
of uranium). The reactor’s power output changes slowly and it can coast for a bit even if you stop adding
new fuel (indeed, you don’t add fuel continuously at all — refueling is done only occasionally). This is why
fusion reactors will require very sophisticated automated control to adjust magnets, fuel input, and
other parameters on the fly to handle any perturbation. It’s a bit paradoxical: fusion fuel is extremely
energy-rich (a small amount gives a huge amount of energy), yet the system needs a much higher rate
of fuel throughput (relative to the tiny amount actually burning at any moment) compared to fission.
This open-flow, feedback-driven operation is sometimes compared to “trying to hold a star in a jar.”
Bottom line: feeding a fusion reactor and removing the helium ash is like operating a continuous rocket
engine inside a bottle — fuel in, exhaust out, without ever letting the flame die. It’s a task that has no
parallel in current fission power plants, which are more hands-off (fuel sits in the core and does its thing
for years, with waste removed only when the reactor is shut down for refueling). The engineering
systems for continuous fuelling and vacuum pumping of waste in a fusion plant will have to be
extremely robust and responsive.

Challenge 3: Extreme Magnets, Cooling, and Power Requirements

Confining a star-like plasma requires extraordinarily strong magnetic fields, which in turn demand
advanced magnet technology. The leading design, the tokamak, uses large superconducting
electromagnets wound around the doughnut-shaped reactor to create magnetic “cages” for the plasma.
For a power-scale tokamak, the magnets are huge structures — for example, ITER’s toroidal field coils are



each about 16 meters tall and weigh 330 tons. They produce fields of ~5-12 teslas, several times
stronger than an MRI machine. To carry the huge electric currents needed (tens of kiloamps) without
melting, these coils are made of superconducting cables (niobium-tin or similar). Superconductors carry
current with essentially no electrical resistance, but only if kept extremely cold. ITER’s magnets will be
cooled to around 4 K (-269 °C) by the world’s largest cryogenic plant (with 75 kW of cooling power at
4K!)
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. In fact, some 25 tons of liquid helium will circulate in the cooling loops
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. The need for a massive refrigeration system is a unique demand of fusion reactors — we are
simultaneously dealing with some of the hottest matter in the universe (the plasma) just meters away
from superconductors at some of the coldest temperatures on Earth. This sets up a very steep gradient
and any loss of cooling (or a fault causing a magnet to warm) can cause a quench — the sudden transition
of a superconductor to normal resistive state, which can dump huge energy and heat. Thus, the magnet
systems must not only be powerful, but also have uninterrupted power and cooling. The power supply
feeding the magnets has to be ultra-reliable; even a brief outage could collapse the magnetic field. If
that happens, the plasma would hit the walls and potentially damage the reactor before simply
extinguishing. Fusion plants will likely need backup power or energy storage to ride through any grid
disturbances, ensuring the magnets never falter. (By contrast, in a fission plant a power outage triggers
an automatic shutdown — undesirable but usually safe if cooling is maintained. In fusion, the “shutdown”
in loss-of-power is automatic too — the plasma decays — but the uncontrolled contact of plasma with
walls can cause physical damage to the chamber.)

Another aspect is that even superconducting magnets consume power — not so much in the coils
themselves (since they are lossless when superconducting) but in the refrigeration and support systems.
Cryogenic refrigerators are energy-intensive. At ITER, the cryogenic system will draw on the order of
several tens of megawatts of electrical power to keep the magnets cold. (In earlier tokamaks with
normal copper magnets, the coils themselves guzzled enormous power. For example, the JET tokamak’s
copper magnets consume about 150 MW of electricity during a pulse — roughly one-sixth of the entire
output of a 1 GW power station, just to run the confinement field
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. This would clearly be unacceptable for a power plant, which is why future designs rely on
superconductors to cut this resistive loss

iter.org

.) Still, the overhead power needed for cooling pumps, magnet drives, vacuum systems, and plasma
heating systems in a fusion plant will be very large. Fusion reactors will likely consume a significant
fraction of their own output just to keep the system running (this is sometimes called “recirculating
power”). If too much power is used in running the reactor, the net electricity delivered to the grid would
be small — hurting the economics. For viable operation, engineers estimate that a fusion power plant
should not use more than maybe 10-20% of its gross power on its own systems. Achieving that requires
very efficient technologies for magnets and heating.

The thermal management in a fusion reactor is another extreme challenge. The 14 MeV neutrons fly out
of the plasma and into the surrounding “blanket” — a layer lining the inside of the vacuum vessel. In the
blanket, these neutrons slam into atoms, slowing down and depositing their energy as heat. This heat
must then be carried away by a cooling fluid (water, helium gas, or liquid metal like lithium-lead) and
used to produce steam for electricity, much as in a fission reactor. However, the heat flux and radiation
damage in a fusion blanket are, if anything, more intense than in a fission core. Each square meter of
the inner blanket might absorb on the order of several MW of heat flux during operation, and an
enormous neutron bombardment. The neutrons in D-T fusion are roughly 14 MeV in energy, much
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higher than the ~2 MeV average fission neutrons, and they penetrate and damage materials more
deeply. Over months and years of operation, the reactor’s first wall and blanket structures will become
embrittled and radioactive due to this neutron irradiation (atoms get knocked out of place, transmuted
into new isotopes, etc.). Designing materials that can withstand this neutron onslaught for a reasonable
lifespan (say, 5-10+ years) is a major area of fusion research. Special steel alloys and tungsten surfaces
are being developed, but it’s not yet certain how well they will hold up when exposed to the expected
neutron dose of a working fusion plant. Inevitably, components will need periodic replacement — e.g.
the inner wall/blanket modules might need to be swapped out every few years as they become too
damaged or activated. This means a fusion plant must be designed for remote maintenance: robotic
systems to remove and replace large sections of the reactor interior, because after activation, humans
cannot enter the reactor vault. This is doable (ITER, for instance, is being built with robotic maintenance
in mind), but it adds downtime and cost. By comparison, in fission reactors, the core vessel and internal
structures are expected to last decades — only the fuel assemblies (which are also handled remotely
under water due to radioactivity) are swapped out regularly. A fusion plant could have a higher
component replacement rate, essentially trading fuel waste for structural waste: instead of many tons
of spent fuel, a fusion reactor will generate tons of activated structural material that must be handled as
intermediate-level radioactive waste when replaced. The hopeful note is that fusion activation products
generally don’t remain dangerous for as long as fission waste (many fusion materials are designed to
become relatively low-radiation after ~100 years, avoiding the million-year timescales of spent nuclear
fuel storage). Even so, the volume of activated material could be quite large, and disposing of or
recycling these materials will be part of the fusion energy life cycle.

Finally, consider the scale of a 1000 MWe fusion reactor core. The vacuum vessel plus magnets might be
several tens of meters in diameter. The entire plant would resemble a small stadium filled with intricate
equipment. In contrast, a 1000 MWe fission reactor (say a pressurized water reactor) has a core vessel
only a few meters wide and a containment building perhaps ~50 m in diameter. Fusion’s hardware is
bulkier in part due to the low density of the fuel — you need a large volume of plasma to get sufficient
reactions. This raises questions of scalability and cost: Can these huge, complex machines be
manufactured and maintained economically? The reactor core (~1000 m?® plasma and a huge
surrounding structure) cannot simply be miniaturized easily — physics dictates a certain scale to reach
net power. There is ongoing research into whether using higher magnetic fields (e.g. with new high-
temperature superconductor magnets) could shrink the needed size for the same output, which might
help make future fusion plants more compact and possibly cheaper. For now, the first generation of
fusion power plants (ITER and the proposed follow-on DEMO) are expected to be very large devices.

In summary, the engineering challenges of magnets and heat management mean a fusion reactor
combines extremes: cryogenic superconductors and red-hot walls, high power consumption systems
that must run flawlessly, and a need for regular high-tech maintenance. These factors tend to drive high
costs and complexity. Even if the plasma physics can be mastered, a practical plant must also be an
engineering marvel that runs like a Swiss watch under punishing conditions.

Challenge 4: Tritium Fuel - Supply, Handling, and Economics

Tritium is a central headache for D-T fusion. Tritium (hydrogen-3) has a half-life of 12.3 years, which
means it is radioactive (a beta emitter) and it decays at about 5.5% per year. This isotope is extremely
rare in nature; at any given time, the entire world inventory of tritium is on the order of only 20 kg or so
iter.org

. Most of that is a byproduct of heavy-water moderated fission reactors (like Canada’s CANDU reactors)
or from dismantled nuclear weapons. Tritium is used in research, in some glow-in-the-dark products,
and in nuclear warheads, but no one has ever had to supply it in the quantities a fusion power industry
would require. If a single 1000 MWe fusion reactor consumes on the order of 50-100 kg of tritium per
year (as discussed earlier), then just a handful of reactors would outstrip existing stockpiles. Clearly,
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fusion reactors must produce their own tritium fuel through a breeding process; there is no sustainable
external source at the scale needed
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. The envisioned method is to use the fusion neutrons to breed tritium from lithium. Lithium, when
struck by a neutron, can undergo nuclear reactions that yield tritium. So fusion reactors will have
lithium-containing blanket modules lining the inside of the reactor. As neutrons blast into these
blankets, tritium will be generated and then extracted (usually by sweeping a gas through the lithium-
containing material to pick up tritium atoms). In theory, a well-designed blanket can achieve a tritium
breeding ratio (TBR) above 1 — meaning more than one tritium produced per fusion reaction, enough to
fuel the next reaction and even provide surplus to replace losses. In practice, reaching a TBR
comfortably above 1 is not easy. Some neutrons will be lost (absorbed by structural materials or
escaping the reactor). The breeding blanket will occupy space and also serve as the heat exchanger to
extract energy, so it has to juggle roles. If breeding falls short, the reactor would gradually lose tritium
and eventually run out of fuel. Thus, tritium self-sufficiency is absolutely non-negotiable for fusion
energy

fas.org

— every plant must make its own fuel.

There are also economic and safety issues with tritium. Tritium, being a radioactive form of hydrogen,
can form T_2 gas or tritiated water, which if leaked can disperse quickly and even exchange into the
environment (for instance, it can replace regular hydrogen in water, making radioactive water). It emits
a weak beta particle that cannot penetrate skin, but if inhaled or ingested tritium can irradiate tissues
from the inside. So, fusion plants will need to handle tritium with extreme care — all plumbing and
components containing tritium must be tight and likely double-contained, with continuous monitoring
for leaks. There is precedent for this: CANDU reactors routinely handle tritium in their heavy water, and
laboratories manage tritium, but a power plant would have a much larger throughput. The cost of
tritium on the world market today is very high — on the order of $30,000 per gram (because it’s so
scarce)
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. If one reactor uses, say, 60 kg of tritium a year, that’s 60,000 g x $30,000 = $1.8 billion worth of tritium
per year at today’s price — obviously far too expensive to actually use as fuel. The only way it makes
sense is if the reactor breeds its own and recycles it, essentially closing the D-T fuel cycle on-site. Even
then, there will be some losses and decay, meaning a startup inventory of tritium (perhaps tens of
kilograms) is needed to get the reactor running and to account for decay losses over time. Producing
that much tritium will likely require dedicated facilities (perhaps specialized fission reactors or spallation
sources to produce tritium from lithium) until fusion reactors can take over the job.

In comparison, fission fuel (uranium) has its own supply chain issues — uranium must be mined,
enriched, and fabricated into fuel rods — but uranium is a naturally occurring element available in the
earth’s crust and ocean. The world has a well-established uranium supply industry. Tritium, in contrast,
does not exist in useful quantities naturally and must be produced artificially. Essentially, fusion’s fuel
supply problem is harder in some ways than fission’s: fission uses a rare isotope of uranium (#235U,
which is only 0.7% of natural uranium) but we have learned to enrich and manage it; fusion needs an
isotope of hydrogen that decays away and is not found in nature beyond trace amounts. If fusion were
to scale up, lithium resources would be tapped for breeding tritium. Lithium is relatively abundant (and
can even be extracted from seawater), so in theory there’s enough lithium to fuel fusion power for
millennia
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. But the engineering of extracting and processing tritium continuously from a lithium breeder blanket is
still under development and will add to the cost of each plant.


https://fas.org/publication/fusion-energy-leadership-tritium-capacity/#:~:text=Once%20commercial%20fusion%20reactors%20begin,tritium%20more%20than%20additional%20funding
https://fas.org/publication/fusion-energy-leadership-tritium-capacity/#:~:text=Once%20commercial%20fusion%20reactors%20begin,tritium%20more%20than%20additional%20funding
https://www.science.org/content/article/fusion-power-may-run-fuel-even-gets-started#:~:text=At%20%2430%2C000%20per%20gram%2C%20it%27s,tritium%20is%20combined%20at
https://www.iter.org/machine/supporting-systems/fuelling#:~:text=Lithium%20from%20proven%2C%20easily%20extractable,6%20million%20years

On the cost side beyond fuel, fusion reactors will be extremely capital-intensive to build. The complexity
of the systems (magnets, vacuum vessel, blanket, cryogenics, etc.) and the sheer scale means initial
costs in the tens of billions of dollars per plant are likely for early units. With learning and mass
production, optimists hope costs could come down, but it’s unlikely fusion will ever be “cheap” in
absolute terms. The operational costs could also be high: the need for a large staff of engineers and
technicians to maintain the delicate systems, periodic replacement of components, consumption of
electricity for auxiliary systems, and regulatory costs for handling radioactive materials. By contrast,
current fission plants, while also very expensive to build, have relatively moderate fuel costs (uranium
fuel fabrication might be only a few percent of a nuclear plant’s operating cost). In fusion’s case, if any
tritium must be bought or if breeding is inefficient, the fuel cost could become significant. Additionally,
any delays or downtimes for maintenance in a fusion plant might be longer due to the complexity,
reducing the capacity factor (time online producing power) and thus economic performance.

In summary, the tritium fuel cycle is a make-or-break aspect for fusion energy. The D-T reaction is the
easiest to ignite, but it comes with this baggage of needing a radioactive fuel that must be continuously
bred and carefully handled. Alternative fusion fuels could bypass some of these issues —we’ll discuss
those shortly — but they require even more extreme conditions to fuse. For the foreseeable future, any
viable fusion power plant will have to grapple with tritium supply and safety as a core part of its design.
Fusion vs. Fission: Fuel, Waste, and Stability Compared

It’s helpful to contrast a future fusion power plant with an equivalent fission plant to see how they differ
in practical aspects:

e Fuel consumption: As noted, a 1000 MWe fusion reactor (D-T fueled) would consume on the
order of a few hundred kilograms of fuel per year
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, virtually all of which is hydrogen isotopes. A 1000 MWe fission reactor, by contrast, typically uses about
20-30 tonnes of nuclear fuel per year (e.g. around 27 t of fresh enriched uranium fuel rods are loaded
annually)

world-nuclear.org

. Only a small portion of that fission fuel’s mass is actually “burned” (maybe around 1 tonne of uranium
splits into fission products, and the rest remains as unused heavy elements in spent fuel), but the entire
assembly becomes radioactive waste. In terms of sheer mass, fusion wins by orders of magnitude — the
energy density is so high that kilograms of fuel replace tonnes. To put it visually, the chart below
compares annual fuel needs:

Comparison of annual fuel consumption for a 1000 MWe power plant using different energy sources. A
fusion reactor would consume only a few hundred kilograms of fuel (deuterium + tritium) per year,
versus ~27,000 kg of enriched uranium for a fission reactor, or about 2.7 million tonnes of coal for a coal-
fired plant. The fusion fuel bar (leftmost, green) is almost invisible at this scale.

This dramatic difference in fuel mass also influences logistics: A fission plant needs a robust fuel
fabrication and transport infrastructure (though 27 t of uranium oxide is only a few truckloads a year). A
fusion plant would need heavy hydrogen gases to be delivered or generated on-site; deuterium is easy
(from water via electrolysis and distillation), tritium must be bred on-site. So fusion shifts the burden to
on-site chemistry (lithium = tritium) rather than fuel mining.

e Fuel handling and operations: Fusion reactors must be constantly refueled and monitored, as
described. Fission reactors operate in cycles — typically refueled once every 12—24 months,
swapping out a fraction of the core. During normal operation, a fission plant does not add fuel;
control rods regulate the reaction. This gives fission a certain steady simplicity: operators don’t
have to worry about fuel injection on a second-by-second basis. Fusion’s continuous fueling is
more akin to operating a combustion engine or jet engine. It offers the potential advantage of
rapid power control —in principle, one could throttle a fusion reactor by adjusting fuel input
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(though in practice maintaining stability is hard if you deviate from optimum). Fission reactors,
while they can load-follow to some degree, prefer steady output and have slower response
times. In terms of operational stability, fission has the edge —it is a self-sustaining reaction with
large buffers (thermal inertia, delayed neutrons) that make it relatively easy to control and
stable under steady conditions
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. Fusion is inherently metastable — it requires active feedback to maintain. On the flip side, if something
goes wrong, fusion stops itself; fission, if uncontrolled, could potentially run away (though modern
reactors are designed with fail-safes to prevent that).

Waste and environmental impact: A fusion reactor produces no high-level nuclear waste in the
form of spent fuel rods. The primary transmutation product of the fusion reaction is helium gas,
which is not harmful (in fact, it’s useful — a non-radioactive helium byproduct could arguably be
captured and sold, though the amount from one plant ~hundreds of kg/year is small relative to
industrial needs). However, the neutron radiation in fusion activates the reactor’s structure.
Over years, parts of the vacuum vessel, blanket, and divertor will become radioactive (via
isotopes like cobalt-60, etc., generated in the steel). This is called activation waste, and it falls
into the intermediate or low-level waste category depending on the material. The radioactivity
of fusion activation waste is expected to decay to relatively low levels within decades to a
century for carefully chosen alloys (as opposed to fission spent fuel, which contains long-lived
actinides that remain dangerous for tens of thousands of years). Still, there will be a substantial
mass of material — potentially hundreds of tonnes from a reactor core — that must be disposed
of or recycled at end-of-life or component replacement. Fission reactors, in comparison,
produce high-level waste (the spent fuel, ~20-30 t per year) which is very radioactive and needs
secure storage (typically in pools then dry casks, and geologic repository eventually). Fission also
produces some activation waste (reactor hardware, and decommissioning a fission reactor
yields activated steel and concrete) but much less than fusion since the neutron leakage is lower
and operations are longer between changes. Fusion has no risk of meltdown — there is no large
store of energy in the fuel that can run out of control; if the plasma touches the wall it cools and
the reaction stops. Fission reactors must always manage the risk of overheating and core
damage, which is why they have multiple cooling systems and containment structures.
However, fusion’s neutron flux and tritium pose a different kind of risk — tritium could be
released in an accident (e.g., a coolant leak could carry tritium out into the environment), and
activated dust from inside the reactor could be a hazard if somehow released. Overall, fusion is
touted as cleaner — no air pollution, no CO2, no long-lived nuclear waste, and no catastrophic
meltdown scenario. Those advantages are real, but it is not completely free of radioactive
byproducts; it simply shifts them to different forms (mostly structural materials and small
mobile hydrogen isotopes).

Safety and complexity: Fission reactors are complex too, but fusion reactors are arguably more
complex in terms of sheer number of systems (magnets, cryogenics, vacuum, breeding, etc.).
From a safety standpoint, a fusion reactor has less long-term hazard potential (if you turn it off,
the residual heat and radioactivity are much lower than a just-shutdown fission reactor with
tons of fission products generating decay heat). Fusion plants would not need the same level of
emergency cooling systems or massive containment domes as fission plants — the worst-case
accident in a fusion plant might be something like a magnet quench or a lithium fire in the
blanket, which are serious but more localized industrial accidents, not citywide evacuation
events. Fission plants, however, have a proven track record of operation (around 440 reactors
worldwide) and very established safety protocols. Fusion will have to establish an excellent
safety record from scratch, convincing the public and regulators of its safety. There is also the



issue of neutron-induced radioactivity in fusion potentially bordering into nuclear proliferation
concerns — for example, neutrons could be used (in theory) to breed plutonium if one inserted
uranium blankets, but fusion power plants would be designed to avoid weapons-relevant
materials. Tritium itself is used in nuclear weapons to boost their yield, so a fusion economy
handling large amounts of tritium will need strong security and accounting to prevent any
diversion or misuse. These are not show-stoppers, but they underscore that a fusion power
plant is definitely dealing with nuclear technology, not a benign form of energy.
e Economics: Fission power is expensive upfront but relatively cheap to keep running; many

existing plants generate power at reasonable cost after construction costs have been amortized.
Fusion is expected to have even higher upfront costs and it’s unclear what the operating costs
will be. If components have to be replaced frequently and fuel breeding is an added chore, it
could be quite costly per kWh. On the other hand, if fusion reactors achieve long operational life
with high reliability, the fuel is virtually free (deuterium from water, lithium for breeding is
abundant, and tritium just recycled). Proponents argue that in the very long run, fusion could be
economically competitive, especially if carbon emissions are taxed for fossil fuels and if
advanced manufacturing lowers reactor construction costs. At present, though, fusion is far
from economic — no fusion device has yet even produced net electricity. ITER itself is a
~$25 billion experimental machine that will consume electricity from the grid to run its magnets
and plasma pulses in order to demonstrate a net gain in the plasma energy (Q = 10). The first
fusion pilot or demo plants will likely also be extremely expensive one-off projects. Fission
plants, while expensive, are a known quantity and new designs (like small modular reactors) are
being developed to reduce costs.

In summary, fusion and fission are very different beasts operationally: one is a steady self-sustaining fire

that we throttle with control rods, the other is a continuous feed-back loop of plasma that we have to

actively keep burning. Each has pros and cons, but in many respects fusion is more complex. Table 1

provides a quick side-by-side comparison of key aspects:

Aspect Fusion Reactor (1000 MWe D-T) Fission Reactor (1000 MWe)
Deuterium & Tritium (hydrogen Enriched Uranium (e.g. UO, with ~4% U-
isotopes). Tritium must be bred from 235). Refueled periodically. Annual fuel
lithium; deuterium from water. Annual  usage: ~27,000 kg fresh fuel
Fuel
fuel usage: ~250 kg world-nuclear.org
iter.org (about one third of core replaced each
(if burn fraction ~0.5-1%). year).
. Core holds ~75 t of uranium fuel in reactor
A few grams of D-T in plasma at any .
. . . e at all times
On-site Fuel instant; a few kilograms of tritium in
. world-nuclear.org
Inventory storage and processing loops (due to

, with years’ worth of energy. Fresh fuel

decay, can’t stockpile too much). can be stockpiled (no decay issue).

Continuous injection of D/T gas or
pellets; continuous removal of helium

Fuel Handling ash. Complex fuel cycle system (vacuum
pumps, gas separation, breeding blanket
for T).

Helium gas (harmless but must be Spent nuclear fuel (high-level radioactive
exhausted). Neutron-activated structural waste containing fission fragments and
materials (intermediate-level radioactive transuranics, ~20-30 t/year). Also some
waste, e.g. steel, after years of low/intermediate-level waste from

Batch refueling every ~1.5 years. Fuel rods
sit in core producing energy without
intervention; spent fuel is removed and
stored under water.

Waste Products


https://www.iter.org/machine/supporting-systems/fuelling#:~:text=Although%20different%20isotopes%20of%20light,deuterium%2C%20half%20of%20it%20tritium
https://world-nuclear.org/information-library/nuclear-fuel-cycle/introduction/nuclear-fuel-cycle-overview#:~:text=Some%2027%20tonnes%20of%20fresh,by%20a%201000%20MWe%20reactor
https://world-nuclear.org/information-library/nuclear-fuel-cycle/introduction/nuclear-fuel-cycle-overview#:~:text=Power%20generation%20and%20burn

Aspect

Reaction
Stability

Safety

Energy
Extraction

Plant
Complexity

Fuel
Cost/Availability

Fusion Reactor (1000 MWe D-T)

exposure). Small leakage of tritium
possible (must be controlled). No long-
lived high-level waste from fuel.

Not self-sustaining — requires active
control of plasma. Rapid thermal
response (plasma can cool or heat within
milliseconds). Sensitive to perturbations;
can shut down (disrupt) suddenly if
control fails. No risk of runaway; inherent
shutdown on loss of control.

No possibility of core meltdown. If
confinement fails, plasma quenches and
reactor simply stops producing power.
However, activated materials and tritium
are radioactive — accidents could release
tritium gas or contaminated dust, which
are health risks. Requires hydrogen-
handling safety (to prevent explosions if
tritium leaks, as it forms T, gas) and
robust containment of radioactive parts.

Neutrons heat a lithium/metal blanket >
coolant (water, helium, etc.) - steam
cycle. Also some direct heating of
plasma-facing components. Highly
peaked heat flux on divertor

(~>10 MW/m?) and blanket (~1—

2 MW/m?). Requires advanced coolant
technology and materials to handle heat
and neutron flux.

Very high complexity: superconducting
magnet system with cryogenics; vacuum
vessel and pumping; fueling and breeding
systems; remote maintenance robots;
advanced control systems. First-of-a-kind
plants large and costly (multi-billion $S).

Deuterium abundant (cheap); Lithium
abundant (for breeding tritium). Tritium
extremely scarce naturally — must be

Fission Reactor (1000 MWe)

activation of reactor hardware and fuel
cladding. Requires secure long-term waste
storage solutions.

Self-sustaining chain reaction (neutrons
keep it going) with built-in stability from
physics (delayed neutrons, thermal
inertia). Reactor power changes on
timescales of seconds to minutes, easier to
control steadily. Risk of power excursion if
uncontrolled, but modern designs and
negative feedback make it stable over long
periods.

Risk of core overheating and meltdown if
cooling and control are lost (as in severe
accidents like Chernobyl or Fukushima).
Large inventory of radioactivity in fuel at
all times. Requires multiple safety systems
and a strong containment building to
protect against radioactive releases. Well-
understood safety case in modern reactors
(e.g. passive cooling, automatic
shutdown). No flammable gases internally
(unless using hydrogen in secondary
systems as happened at Fukushima).

Fission fragments heat fuel rods - coolant
(water) = steam cycle. Heat flux in core
typically <1 MW/m? on fuel rod surfaces.
Established materials (zirconium cladding,
steel vessels) and water cooling
technology. Decay heat requires post-
shutdown cooling systems.

High (but comparatively simpler): reactor
vessel, coolant system, control rods,
containment structure. Standardized
designs exist. Still expensive (~$5—

10 billion) but more straightforward
construction (no cryogenics or large-scale
vacuum systems). Maintenance mostly
involves refueling and component
inspections.

Uranium fairly abundant (3—4 ppm in
crust; large known reserves). Supply chain
exists. Uranium cost is a small portion of



Aspect Fusion Reactor (1000 MWe D-T) Fission Reactor (1000 MWe)

bred; current cost very high nuclear electricity cost. Enrichment and
(~$30k/gram). Once running, fuel cost fabrication add cost but fuel still on order
per kWh should be low, but initial tritium of a few dollars per MWh.

inventory is expensive.

No CO, or air pollutants during operation.
Uranium mining and enrichment have
environmental impacts. Spent fuel
requires secure storage. Severe accident
(though very rare) could release fission
products, contaminating land/water.
Normal operation releases minimal
radioactivity (controlled venting of noble
gases, etc.).

No CO; or air pollutants emitted in
operation. Mining for lithium (for
blankets) and construction materials are
Environmental the main environmental footprint.
Impact Activated waste needs shielding but is
shorter-lived. Accident scenarios involve
tritium release (radiological but limited
range, as tritium emits weak radiation).

(Table 1: Fusion vs. Fission reactor comparison)

As shown above, fusion’s advantages are fuel abundance and minimal high-level waste, but its
downsides are complexity and unproven reliability. Fission is tried-and-true but suffers from public
concern over nuclear accidents and waste. An interesting note on fuel energy density: 1 kg of fusion fuel
(D+T) could produce on the order of 90 billion joules of energy (if fully reacted), which is roughly 22
million kilowatt-hours

world-nuclear.org

. That same 1 kg of fusion fuel (mostly tritium) decays away if not used. In comparison, 1 kg of U-235in a
fission reactor can produce about 24 million kWh of heat

world-nuclear.org

, and 1 kg of coal produces only about 8 kWh. This illustrates why fusion is so attractive — the potential
energy from tiny amounts of fuel is enormous. The challenges we’ve outlined are why tapping that
energy is not at all straightforward.

Looking Forward: Can These Challenges Be Overcome?

Fusion research has been ongoing for decades, and significant progress has been made on many fronts.
Experiments have achieved fusion reactions and temperatures on Earth (JET in the UK, for instance,
produced 16 MW of fusion power in a burst in 1997; and in 2022 the JET experiment sustained a 59 MJ
fusion energy burst over 5 seconds, a record). The National Ignition Facility (NIF) in the U.S. even
achieved a form of “ignition” in late 2022 using powerful lasers to compress a tiny D-T pellet — the first
time an experiment produced more fusion energy out than laser energy in (though still far from a power
plant scenario). Meanwhile, ITER — the large international tokamak under construction in France — aims
to demonstrate a burning plasma with 10x energy gain (Q = 10) by the 2030s (producing 500 MW of
fusion power for 400 s pulses). If ITER succeeds, the next step would be a DEMO reactor that tries to
produce electricity continuously. Private companies and national labs are also pursuing new approaches,
including stellarators (twisty magnetic designs that might have easier stability), and using high-
temperature superconductors to create stronger magnetic fields in a compact tokamak (projects like
SPARC by Commonwealth Fusion Systems). Stronger fields could confine the plasma more effectively in
a smaller device, potentially reducing the scale and improving stability margins. There are also concepts
like inertial fusion energy (like NIF but running many capsules per minute to get continuous output) and
exotic ideas like magnetized target fusion (compressing a magnetized plasma with liners). These
innovations address some of the challenges: for instance, better magnets could address confinement
and stability (Challenge 1), and different reactor geometries might handle exhaust better.
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However, some challenges appear more intractable than others. Here are a few likely “showstoppers”
or at least toughest nuts to crack, based on our discussion:

e Tritium self-sufficiency: This is critical and non-negotiable. If breeding blankets cannot be made
to reliably produce enough tritium, a D-T fusion reactor simply cannot run for long. This is a
make-or-break issue

fas.org

. It requires advanced materials (lithium-containing ceramics or liquid lithium-lead) and efficient neutron
capture. It's a complex integration problem (the blanket does many jobs at once). Many experts
consider this one of the top challenges beyond just achieving fusion conditions.

e Plasma stability and control: We know a lot about plasma physics, but running a plasma
continuously for days or years without disruptions has never been done. Unplanned plasma
disruptions in a reactor could be very damaging (imagine sudden thermal and electromagnetic
loads on the structure). Research into active control, advanced diagnostics, and perhaps plasma-
friendly machine learning control systems is ongoing. It’s a tough challenge, but one where
progress is being made on devices like DIII-D, EAST, KSTAR, etc., which are extending pulse
lengths and honing control techniques. It’s hard to label this a permanent showstopper —it’s
more of a ongoing hurdle that will require refinement and might limit the performance or
uptime of early reactors.

e Materials and component lifetime: The 14 MeV neutron damage problem is fundamental. If no
material can be found that survives more than a few years, reactors would need constant part
replacement, undermining economic viability. There is optimism that silicon carbide composites,
advanced steels, or tungsten alloys might handle it better. Also, clever design (modular
replaceable components, maybe sacrificial “armor” layers) could mitigate this. But until a fusion
materials test (like a dedicated fusion neutron source) is built and runs, we won’t fully know
how materials perform under full fusion-like irradiation. This challenge is significant but likely
solvable incrementally — with improved materials, one can gradually extend reactor lifetimes. It
might mean early fusion plants have higher maintenance until materials improve.

e Engineering integration and cost: Even if each subsystem (plasma, magnets, blankets, cooling)
works in isolation, putting it all together is a systems engineering nightmare. Ensuring that the
breeding blanket captures enough neutrons and removes heat and survives radiation and
doesn’t upset plasma purity (it’s right next to plasma) is like solving a 4D puzzle. The first plants
will essentially be full-scale experiments themselves. This could result in long downtimes,
unexpected problems, and high costs. There’s a risk that fusion, while physically achievable,
might prove too complex to be practical or economical — at least relative to other energy
options.

Are any of these an absolute showstopper? Hard to say impossible. Given enough time and money, most
technical problems can be mitigated. But they might collectively make fusion not worth it compared to
easier solutions. In the spirit of the original question (“Fusion reactor? Not so fast!”), it’s likely that no
single big breakthrough will make fusion power straightforward — rather, it will require slogging
through many incremental improvements and innovations on multiple fronts. The timeline for a
commercial fusion plant has always been “30 years away,” and that joke persists because as we solve
one issue, others loom.

Alternate fusion fuels: What about avoiding tritium and 14 MeV neutrons altogether? There are fusion
reactions like deuterium-deuterium (D-D) and deuterium-helium-3 (D-3He), or even proton-boron-11 (p-
"B), which are sometimes called “aneutronic” (p-"B in particular produces no neutrons in its primary
reaction, yielding three helium nuclei (alphas) as products). These alternatives could eliminate some of
fusion’s problems: for example, p-"'B fusion would generate hardly any neutrons (maybe a small side-
reaction producing some), meaning virtually no activation and no tritium cycle to worry about.


https://fas.org/publication/fusion-energy-leadership-tritium-capacity/#:~:text=Once%20commercial%20fusion%20reactors%20begin,tritium%20more%20than%20additional%20funding

However, these reactions are much more difficult to ignite. D-D fusion has about 1/10 the reactivity of
D-T at a given temperature and also produces a neutron (2.45 MeV) in one branch and tritium in
another branch (so it doesn’t eliminate the tritium issue, it just produces tritium in the plasma itself!). D-
3He fusion is cleaner (produces a proton), but 3He is extremely scarce on Earth (we’d need to mine the
Moon or rely on tritium decay to get 3He). D-*He also requires higher temperatures (~300 million °C) to
burn effectively. Proton-Boron-11 requires temperatures on the order of a billion °C — and high
confinement, since the reaction rate is low. It also produces high-energy alphas that are hard to
thermalize and extract electricity from (though direct energy conversion from charged particles is a
concept often touted for aneutronic fusion). Some private fusion ventures (like TAE Technologies) are
indeed exploring p-"B fusion using novel plasma configurations, but none have achieved net energy yet.
The consensus in the fusion community is that D-T will be the first viable fuel because it is by far the
easiest to get fusion power from. Once D-T fusion is mastered, perhaps attention could turn to advanced
fuels to address the neutron and tritium issues. But skipping D-T and going straight to aneutronic fusion
is like trying to climb Everest without base camps —it’s an even steeper challenge.

In short, alternative fuels are less radioactive in output but more demanding in input. They are not
more viable in the near term; in fact, they are more futuristic and speculative. If D-T fusion turns out to
be impractical on Earth, it might be that none of the other fusion options are feasible either with
foreseeable technology. On the other hand, if something like advanced lasers or electrostatic
confinement or a breakthrough in plasma confinement came along, it could change the game for
aneutronic fuels. As of 2025, though, D-T in a tokamak (or similar magnetic confinement) is the path
being actively pursued to reach a fusion power milestone.

Conclusion and Prognosis

Building a 1000 MWe fusion reactor that operates reliably is one of the most complex engineering
endeavors imaginable. The challenges span physics (controlling the plasma, sustaining the burn),
engineering (managing heat and magnets), and materials science (surviving radiation), as well as fuel
logistics (producing and handling tritium). Each of these by itself is a major project; together, they make
the first fusion power plants costly experiments. The superposition of these challenges is what leads
many to be skeptical that fusion will become a practical energy source in the near future
file-gjas4hyrfstjdikaz2zfgq
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. It’s not that fusion can’t work — we know it can produce energy — it's whether it can be made to work
in a controlled, economic, and safe manner on the scale of a commercial power station.

If we had to bet on which challenges will be resolved and which might remain as roadblocks: it’s likely
that plasma ignition and confinement will be achieved (ITER is expected to prove that burning plasmas
are possible). Engineering solutions for magnets and cooling will also be developed — we already have
superconductors and cryoplants that meet the requirements, albeit at high cost. Tritium breeding and
handling is more uncertain; it will probably work in principle, but perhaps not at high efficiency initially,
necessitating external tritium supplies and making early reactors not fully closed-cycle. Materials
durability will be an ongoing improvement area — early reactors might need frequent maintenance until
better alloys are developed. None of these are outright “showstoppers” in the sense of physical
impossibilities, but they could “showstop” a project if the real-world performance falls short (for
example, if the first DEMO reactor can only breed 80% of the tritium it needs, it would quickly run into
fuel shortfall — a showstopper until fixed).

It is also possible that economic viability will be the ultimate judge. Even if we solve the scientific and
technical problems, if a fusion plant turns out to cost 10 times more per kWh than alternatives, it won’t
be deployed widely. Fusion is in a race not just with its own challenges but with the advancement of
other technologies — advanced fission (including potentially fusion-fission hybrids), renewable energy



with storage, etc. By the time fusion is ready, the energy landscape may be dominated by cheaper
solutions. That said, fusion’s virtually limitless fuel and clean operation are such alluring benefits that
research will likely continue regardless, as a long-term investment.

In a more optimistic view, the next two decades will be pivotal: ITER’s results, new private fusion
ventures, and materials research will clarify whether we can tame fusion. We might see a prototype
fusion power plant by the 2040s. If those prototypes reveal no further fundamental obstacles, fusion
could gradually enter the energy mix in the second half of the 21st century. If major obstacles remain,
fusion might stay in the realm of science projects or specialized uses (maybe for space propulsion or
neutron sources) rather than general power generation.

To directly answer the question: Which challenges are likely to be showstoppers? — Tritium fuel
sustainability and component longevity are top concerns beyond the initial plasma burn. Are alternative
fuels like p-"'B or D-*He more viable? — Not in the near term; they eliminate some problems but are
even harder to ignite, so they are less viable until we have far superior confinement techniques.

Fusion has jokingly been called “the energy source of the future, and always will be.” That captures the
historical frustration, but it’s important to note that real progress is being made — we are closer than
ever to a fusion reactor, just not quite there yet. In the end, fusion might require a series of innovations
and perhaps a paradigm shift in reactor design to become truly practical. Until then, “not so fast” is a
prudent attitude. The path to a fusion reactor that powers our cities is steep, but not completely out of
reach. Scientists and engineers worldwide are climbing that path step by step, solving problems as they
arise. If they succeed, the payoff is enormous: a virtually inexhaustible, clean energy source for
humanity’s long-term future

fas.org

. But as of now, the fusion revolution is still a work in progress — if ever it is to become reality, it will be
through overcoming the formidable challenges we’ve outlined.
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