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Fusion power experience rates are 
overestimated
 

Lingxi Tang    1  , Bessie Noll    1, Anurag Panda    1 & Tobias S. Schmidt    1,2 

Fusion power plants (FPPs) are viewed as a promising source of firm 
low-carbon electricity, attracting large investments. However, their future 
cost is highly uncertain. Current projections assume widely varying starting 
costs and highly arbitrary experience rates (ERs) of 8–20%. Here, leveraging 
recent insights from innovation literature, we examine the currently 
assumed ER range for FPPs by linking technological characteristics of the 
two dominant fusion approaches, magnetic fusion and laser-based inertial 
fusion, to ERs. We find that FPPs’ large unit size, extraordinary complexity 
and intermediate need for customization are empirically linked to ERs of 
2–8%, which are much lower than currently assumed for FPPs. When paired 
with the expected high initial capital costs, the results raise questions 
about the viability of FPP in future net-zero energy systems. We urge for the 
adoption of ERs for FPPs that are justifiably lower than currently assumed in 
cost projections, energy system modelling and investor valuations, and for 
the research community to explore alternative fusion designs with greater 
cost reduction potential.

The decarbonization of the power sector is necessary to limit global 
warming and achieve international climate targets1,2. Firm low-carbon 
electricity sources, which can produce electricity in all seasons and over 
long durations, will be a key component in decarbonizing power genera-
tion systems3–5. Fusion energy promises to be a safe, abundant and firm 
low-carbon electricity source6,7, thus receiving major investment from 
both the public and the private sectors, with hopes to revolutionize 
the energy sector. In terms of public research funding, the US Depart-
ment of Science was allocated US$1.01 billion towards fusion energy 
research for the 2024 fiscal year, a comparable amount to the US$1.78 
billion towards nuclear fission energy research8, despite fusion tech-
nology being at a much lower technological readiness level (TRL)9,10. 
For comparison, US$1.01 billion dedicated to fusion energy research 
far exceeds the US$216 million allocated for geothermal energy, also 
a firm low-carbon electricity source, in the same budget8. Outside the 
USA, China’s public investments in fusion energy research are estimated 
to be larger than the USA’s (but unknown)11. In terms of private sector 
funding, between July 2024 and July 2025, global private investments 
into fusion companies totalled US$2.2 billion, of which US$0.9 billion 
was into a single company12. This amount of private funding dwarves 

the US$783 million received by advanced nuclear fission companies 
in 202413.

Substantial investments in fusion energy development should be 
informed by the best available evidence that the technology can play 
a considerable role in future power systems. However, the future role 
of fusion energy remains highly uncertain, not only technologically 
but also economically14. Given their low operational expenditures, 
the extent to which fusion power plants (FPPs) will be widely deployed 
depends greatly on their future investment cost or capital expendi-
ture (CAPEX)15–18. A high CAPEX would render it uncompetitive with 
alternative low-carbon firm power sources, such as nuclear fission, 
hydropower and geothermal19–21, ultimately limiting its deployment and 
contribution towards future net-zero energy systems15,17,22. However, 
due to the low TRL of fusion power9,10,23, there are limited empirical 
data on a commercial FPP’s CAPEX. Current studies project future FPP 
CAPEX by applying cost reductions to estimated initial CAPEX using 
experience rates (ERs)18,22,23, also commonly referred to as learning 
rates. The ER of a technology is the (close to constant) percentage 
reduction in the specific cost (for example, US dollars per watt) per dou-
bling of cumulative deployment, and has been shown to vary between 
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stellarators and laser inertial devices38. Based on expert interviews, 
tokamaks and stellarators overlap heavily in their working principles 
and plant design (see Supplementary Table 2 for supporting interview 
quotes). As such, in this Analysis, they are collectively analysed and 
referred to as magnetic fusion energy (MFE). MFE has been the most 
heavily researched approach to fusion energy; out of 102 operating 
fusion devices worldwide, 70 are MFE devices38. For laser inertial devices, 
despite only five currently operating in the world, it is the second most 
popular approach among private fusion companies12 and was specially 
allocated US$690 million of research funding in the USA for the 2024 
fiscal year39. This investment optimism may be attributed to the historic 
first fusion energy net gain achieved (see Supplementary Note 1 for more 
details), the laser-based inertial fusion energy (LFE) approach in 202240, 
a milestone not yet achieved by MFE. Due to the dominance of the MFE 
and LFE approaches, this Analysis will focus on estimating the ERs of 
these two approaches.

While there are still many uncertainties around the specifics 
of a future FPP design, here we briefly explain each fusion energy 
approach on a broad system level, based on information collected 
from interviews. In MFE (Fig. 2a), a superheated plasma is sustained 
and contained within a vacuum using magnetic fields generated by 
a collection of electromagnetic coils. The magnetic fields act like 
a ‘cage’ to keep the hot plasma from coming into contact with any 
wall materials. To generate magnetic fields that are strong enough, 
electromagnetic coils must be supercooled by the cryogenic system 
to maintain high electrical conductivity. Fusion reactions occur con-
sistently within the plasma, generating fusion energy to be extracted 
for electricity generation.

In LFE (Fig. 2b), high-intensity lasers are targeted at a fuel pellet, 
compressing and heating it to induce a fusion reaction. The laser driver 
system generates and directs lasers to the reaction chamber, where 
they are precisely focused onto fuel pellets via focusing mirrors. The 
pellet injection system will consistently release fuel pellets to be com-
pressed by pulsed lasers, generating a steady flow of fusion energy. For 
consistent fuel pellet delivery, a closed tritium cycle is operated by the 
tritium extraction, fuel pellet fabrication and pellet injection system. A 
cryogenic system is also required in LFE systems for a different purpose: 
to keep fuel pellets supercooled to maintain fuel efficacy.

In both MFE and LFE, breeding blankets are a necessary component 
to breed more tritium to sustain further D–T fusion reactions, as well 
as to absorb and convert the generated fusion energy into heat, which 
will then be converted to electricity via a conventional turbine cycle. 
Further detailed explanations of each fusion approach are found in 
Supplementary Note 2.

Technology-inherent characteristics of FPPs
Recent innovation literature has established that three technological 
characteristics—unit size, design complexity and need for customiza-
tion—are key determinants of technology-specific ERs26,31–33. Technolo-
gies of larger unit sizes have been shown to exhibit slower learning32, 
with ERs significantly reducing for every order of magnitude increase 
in unit size33. In addition, Malhotra and Schmidt31 developed a technol-
ogy typology that classified technologies on the basis of their design 
complexity and need for customization (Fig. 3b,c). Design complexity 
refers to the number of components in a technology and the extent to 
which they are interdependent31. Need for customization describes 
the extent to which a technology must be adapted to its use environ-
ment41. The typology indicates that higher design complexity and/or 
a greater need for customization in technologies are associated with 
lower ERs (see Supplementary Note 3 for details). This typology has 
been empirically verified on the basis of existing technologies and has 
also been applied to a low-TRL technology: direct air capture systems34.

Utilizing these verified relationships, we conduct structured 
expert interviews to rate these three characteristics for MFE and 
LFE, with respect to existing technologies with known ERs. With 

technologies substantially24. Using ERs has been shown to be the most 
reliable way of projecting future technology costs, as compared with 
direct estimations by experts25,26. Because technology-specific ERs 
are primarily estimated on the basis of historical cost data26, current 
fusion cost projection literature, with no empirical data points to 
draw from, either arbitrarily assumes an ER or repurposes an ER from 
other technology groups16,18,22,23,27–29, leading to a potentially inaccu-
rate ER range of 8–20% (Fig. 1). With high ER assumptions, energy 
system models project that fusion energy will play a substantial role 
in future net-zero power systems16,23,27,28. However, these projections 
will be inaccurate if the applied ERs and subsequent fusion cost projec-
tions are inaccurate30, leading to erroneous investor valuations and 
policy decisions.

To address this limitation, this Analysis builds on recent progress 
in innovation literature that establishes a relationship between a tech-
nology’s inherent characteristics and its ER26,31–34 to assess the validity 
of currently assumed FPP ERs. Specifically, we conduct interviews 
with experts to rate the unit size, design complexity and need for cus-
tomization of the two dominant FPP technologies—magnetic fusion 
and laser-based inertial fusion. ER ranges empirically associated with 
technologies with characteristics similar to FPPs are then compared 
with the currently assumed FPP ER range. Given that there is slight 
uncertainty in each relationship between a characteristic and ERs, we 
analyse three characteristics rather than a single one to improve the 
robustness of our research results. Based on the results, we illustrate the 
implications for future cost reductions of FPP technologies by estimat-
ing its cost evolution curve. Finally, we discuss the implications of our 
results for both private and public investors, energy system modellers 
and researchers in fusion energy.

FPP technology
Fusion energy refers to the energy released when two hydrogen nuclei 
fuse, a process that requires extremely high temperatures and pres-
sures. The goal of the FPP concept is to harvest this energy from a 
nuclear fusion reactor to generate electricity. The fusion of two hydro-
gen isotopes, deuterium and tritium (D–T), is the most common fuel 
combination due to its relatively low temperature requirement35. It has 
thus been the focus of most research and development efforts35,36 and 
will accordingly be the scope of this work.

Among the variety of fusion power approaches37, the International 
Atomic Energy Agency identifies three dominant categories: tokamaks, 
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Fig. 1 | ERs used in existing literature for fusion power in the literature and 
rationale used for each specific value16–18,22,23,27–29. The rationale behind using 
each specific ER value is listed in order, corresponding to decreasing ER values, 
with the first row corresponding to the highest ER and so on. See Supplementary  
Table 1 for the sources of each ER used and more information on each rationale.
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characteristic ratings for FPP technologies elicited, empirical ERs of 
technologies with similar technological characteristics can then be 
compared with those currently assumed for FPP technologies. For 
the unit size characteristic, we ask interviewees to estimate a theo-
retical minimum capacity of an FPP. For design complexity and need 
for customization, interviewees rate FPPs on these characteristics 
in comparison with two reference technologies. We use solar panels 
and nuclear fission power plants as reference technologies that are 
low/high in complexity and customization, respectively. Key insights 
shared by interviewees regarding the three technological character-
istics—unit size, design complexity and need for customization—are 
presented, along with supporting quotes in Tables 1 and 2. On unit 
size, both MFE and LFE FPPs are expected to be deployed as large-scale 
units, with estimated average theoretical minimum capacities at 
530 MW and 230 MW, respectively (Fig. 3a). These estimations are 
based on technological constraints, as well as economic considera-
tions (see Supplementary Table 5 for supporting quotes). In particular, 
interviewees M11 and L4 (see Supplementary Table 3 for interviewee 
backgrounds) highlighted the high energy input requirements of 
subsystems for FPPs, especially the coils and crygogenic system for 
MFE and the laser system for LFE, rendering a version with a small 
output infeasible. Many experts also emphasized a minimum thick-
ness of 1 m for the breeding blankets (Fig. 2a), which is the stopping 
distance for 14 MeV high-energy neutrons released by D–T reactions42. 
This requirement establishes a minimum physical size for the reactor 
chamber. Regarding economic considerations, experts agree that 
the capital intensity of FPPs encourages larger unit sizes to maximize 
returns through economies of scale. Given these factors, FPP capacities 
will probably mirror the large unit sizes typical of large-scale thermal 
power plants, of at least a few hundred megawatts.

On design complexity, both MFE and LFE exhibit exceptionally 
high design complexity, with average ratings of 6.8 and 6.4, respec-
tively. Experts clearly rate the design complexity of both fusion 
approaches as equal to or greater than that of a fission power plant 
(Fig. 3b), a benchmark for a complex and highly customized power gen-
eration technology31. Several interviewees placed fusion’s complexity 
beyond the provided scale. For example, L1 noted that ‘fusion is a 12’,  
and M18 stated that ‘if fission reactors are at 6, then fusion would 
definitely be a 7 or even 8’.

While both are highly complex, MFE and LFE have different drivers 
for their high complexity. For MFE, complexity resides mainly in the 
reaction chamber. Not only does it have a large number of components, 
but the chamber’s components are also concentrically arranged in lay-
ers like an ‘onion’ (see quote by M6 in Table 1). This structure intensifies 
component interdependence in design and construction. For example, 
M3 highlighted how increasing the magnetic field strength of the coils 
would improve plasma confinement, but also increases structural loads 
due to electromagnetic forces, thus requiring further reinforcement of 
the support structure. However, to enable access to inner components 
for maintenance, access ports would need to be installed, which would 
then reduce available space for support structures. These interactions 
demonstrate how adjustments to individual components would propa-
gate design consequences to other components. The ‘onion’ structure 
also leads to further interactions between the chamber and external 
subsystems. Chamber components would need to be designed to allow 
piping access to some subsystems at the centre of the ‘onion’.

Although the LFE system has a relatively simpler reaction chamber, 
the overall FPP system complexity remains high. This is largely due to 
the higher number of subsystems required, especially for fuel delivery. 
LFE requires an integrated fuel cycle that involves pellet fabrication and 
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components depicted were derived from a combination of technical literature 
review and expert interviews. It is important to note that the illustrations 
are general and high-level and that variations in specific design choices and 
configurations within each approach exist. However, the components presented 
reflect an expert consensus view of the necessary common components for each 
FPP approach.
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high-precision injection after the tritium has been extracted. Experts 
emphasized that LFE’s design complexity stems less from the reaction 
chamber, but from the number of steps involved in the high-frequency 
fuel injection process. Complexity also arises within the fuel pellet itself 
due to the interaction between the laser and the pellet, necessitating 
the integration of design considerations for precise coordination 
between the fuel pellet and the laser driver system. Thus, any changes 
to the fuel pellet would extend not only to the pellet fabrication and 
injection systems, but also to the laser driver system.

On need for customization, fusion energy technologies exhibit an 
intermediate need for customization, slightly lower than that of nuclear 
fission power plants. The analysis of customization needs is organized 
around three key drivers: the technology’s need to adapt due to vary-
ing physical environment, regulatory reasons and user preferences31  
(see Supplementary Note 3 for details). Both MFE and LFE share similar 
reasons for their need to customize and thus will be discussed together.

For physical environment, experts convey that FPPs share many 
design requirements with thermal power plants, including nuclear 

fission power plants. They generally require customized construction 
solutions for grid connectivity and access to cooling water. Inter-
viewees also emphasized earthquake risks as a major design concern 
for FPPs, with varying seismic risks necessitating different needs for 
building supports. In this regard, the precise alignment of lasers in 
LFE systems is particularly sensitive and must be protected against 
seismic activities.

When discussing the regulations for fusion energy, experts often 
point out that fusion’s main advantage is safety. Unlike nuclear fis-
sion power plants, FPPs do not risk a runaway reaction or meltdown, 
thereby requiring fewer safety-related design variations. Owing to 
its safety, fusion is also likely to face greatly reduced licensing bar-
riers compared with fission. There is optimism among experts that 
fusion-related regulations would be simpler and more standard-
ized across jurisdictions. For example, the USA and UK have already 
signalled their intention to separate fusion and fission energy and 
develop more favourable regulations for FPPs. However, experts 
expressed uncertainty about regulations around the use of tritium, 
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Fig. 3 | Experts’ estimations of FPPs’ theoretical minimum capacity and 
MFE and LFE ratings for their respective design complexity and need for 
customization. a, Interviewee codes starting with ‘M’ refer to MFE experts, 
and ‘L’ to LFE experts. The professional background of each interviewee is 
presented in Supplementary Table 3. The average estimations for minimum 
power plant capacity of MFE and LFE are also presented. b,c, Graphs plotting 
each expert’s rating of MFE (n = 18) and LFE (n = 10) systems’ design complexity 
and need for customization. Ratings are on a Likert scale between 1 and 7. Design 
complexity is rated from 1 for a simple technology to 7 for a highly complex 
technology. Need for customization is rated from 1 for a standardized technology 
to 7 for a customized technology. Need for customization rating presented is 

the average of three ratings for need to customize to physical environment, 
regulatory reasons and user preferences. Solar PV panels and nuclear fission 
power plants are presented to interviewees as reference ‘simple’ and ‘complex’ 
technologies. PV panels and nuclear fission power plants are fixed at ratings 2 and 
6, respectively, for each characteristic. Graphs are overlaid with the technology 
typology that outlines three technology types differentiated on the basis of their 
design complexity and need for customization. The different technology types 
have different average ERs (type 1, 22%; type 2, 13%; type 3, 5%)31. The explanation 
for the outlier rating placed in the type 2 zone is provided in Supplementary Note 4.  
Individual ratings by interviewees are presented in Supplementary Table 4.

Table 1 | Key quotes on design complexity of fusion energy technologies

Complexity rating Explanations for complexity

M3 – ‘It’s 7. That’s an easy one. It’s much more complicated than a fission 
reactor, and having studied fission reactors through my undergraduate 
and part of my graduate work, I’m fully confident of that.’
M15 – ‘A fission reactor is trivial compared with fusion reactor…’
‘It’s one of the things that may well kill fusion as a future option because it 
is just too hard… it’s too complex.’
L3 – ‘If there are not more disruptive breakthroughs, I think fusion energy 
will never be competitive… The technology is so complex and that, for me, 
is the major argument why I am still skeptical about fusion.’
L4 – ‘I will say that it is highly complex at 7 because all these things – the 
laser, the target and so on, they are quite complex in themselves, and they 
must all work together.’

M6 – ‘Tokamak reactor is sort of like an onion, where you have to build it from the inner layer first 
and so on, but to remove one layer can take years, so you better not need to remove one layer.’
‘It’s not a matter of first selecting a fuel, then choosing a machine pattern, and then 
designing each subsystem separately. Everything is interconnected.’
M16 – ‘The tokamak itself is pretty integrated…It’s super iterative. Anything that lives in 
the radial build you have to design all at once because if you change any piece of it, it 
affects all the other pieces of it. So there’s a very tight cycle of design.’
L1 – ‘You can’t just inject fuel in the target chamber. You have to take the fuel from the 
blanket, put it in a target, shoot the target into the center of the target chamber, hit it with 
the lasers, generate energy, dispose of the debris and you have to do that over and over 
again very rapidly. This is imagined to be a complete cycle in the future, but it is complex 
and I’m not sure how we do it.’

The left column presents quotes highlighting the degree of complexity in FPPs. The right column presents quotes elaborating on the reasons for complexity. Professional backgrounds of each 
interviewee are found in Supplementary Table 3. Interviewee codes starting with ‘M’ refer to MFE experts, with ‘L’ for LFE experts.
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due to its radioactivity and potential military applications. Nonethe-
less, tritium is acknowledged as generally less problematic than the 
fission fuels.

When asked about user-driven customization, experts all agree 
that FPP designs will not respond to varying user demands, but rather 
to technical and economic constraints. For differing capacity needs, 
upscaling is expected through multiple standardized units rather than 
a larger bespoke design. This is similar to how a larger nuclear fission 
power plant would have multiple smaller standardized reactors, rather 
than a single large reactor. A few experts noted the ability of LFE systems 
to modulate power output easily, allowing a single design to serve a 
large range of power output needs. This explains the slightly lower 
customization rating for LFE.

Overall, experts share that FPPs’ need to be customized to physi-
cal environment and user preferences would be similar to nuclear 
fission’s. Differences emerge in terms of customization to regulations 
as FPPs’ inherent safety allows for simpler regulations. Thus, com-
pared with nuclear fission, MFE and LFE have lower average ratings 
of 5.0 and 4.3, respectively. However, the uncertainty surrounding 
future regulatory regimes led to a wider variance in expert ratings 
for FPPs’ need to customize, as compared with design complexity. 
Some interviewees envisioned standardized licensing processes, 
while some expect new regulatory hurdles to emerge, especially 
around the use of tritium.

To summarize, both MFE and LFE exhibit the following technology 
characteristics: large unit sizes on the order of hundreds of megawatts, 
extremely high design complexity and an intermediate need to custom-
ize. For these characteristics, empirical evidence points to the following 
ERs: large energy technologies on the scale of hundreds of megawatts 
have ERs of 5–10% (refs. 26,32,33). Extremely high complexity alone 
classifies FPPs as a type 3 technology (Fig. 3b,c), which averages a 
global ER of 5% (ref. 31). Within the realm of type 3 technologies, our 
work showed that FPPs are specifically technologically close to nuclear 
fission power plants. Although FPPs have a need for customization 
that is slightly lower than that of nuclear fission power plants, this 
advantage is negated by the extraordinary design complexity, which is 
much greater than that of nuclear fission. Thus, our work supports the 
argument that FPPs’ ER will be similar to that of nuclear fission power 
plants43, which have exhibited a global ER of 2% (ref. 44). In sum, the 
ERs of technologies with similar characteristics to FPPs are below the 
previously assumed range of 8–20%. Thus, the evidence presented in 
our work suggests that currently assumed ERs for fusion power are 
without any robust rationale and overestimated. Hence, the assumed 
ER should be drastically reduced.

Initial costs of FPPs
To illustrate the effects of a lower ER on FPPs’ cost trajectory, a starting 
cost of a technology must first be established to plot fusion energy’s 
experience curve, also commonly referred to as a learning curve. To 
this end, we compile CAPEX estimates for first-of-a-kind (FOAK) FPPs 
from expert elicitation and literature, which are presented in Fig. 4 (see 
Supplementary Table 6 for more details).

The results indicate that there is no strong consensus on the 
CAPEX of FPP within the fusion energy community, as estimates 
range from US$1,400 to US$43,000 per kilowatt of capacity. This 
uncertainty in cost can be primarily attributed to the low TRL of FPP 
technologies, as many challenges of obtaining fusion energy remain 
unresolved23,35. Most relevant to CAPEX, fusion-specific heat extraction 
systems, tritium breeding systems and materials that are capable of 
withstanding the extreme conditions of consistent fusion reaction are 

Table 2 | Key quotes on the need for customization of fusion energy, grouped based on the driver of the need 
for customization

Physical environment M5 – ‘If you are in a region that is more at risk for earthquakes, certainly the support structure might need to be adjusted.’
L5 – ‘The physical location should have stable grounds, better not have fusion power plants where there are earthquakes because laser 
facility and optics really need to level and flat to transport laser in one direction.’
L8 – ‘We have similar requirements as nuclear fission, in that we need access to cooling water, access to grid, etc. However, for fission, 
safety is one of the main needs to adapt, and safety hazards from fusion are so many orders of magnitude lower, this adaptation is not 
needed in fusion.’

Regulatory reasons M2 – ‘The challenge with fission is that licensing varies, every fission plant must go through a different licensing procedure. Fusion is 
going to be better because it is much less nuclear, much less risky and we’re already seeing more favorable regulatory statements coming 
out around the world.’
M15 – ‘We will always have to deal with 14 MeV neutrons and radioactivity and therefore will always be constrained by regulatory 
processes. You have to adapt your plant to ensure public is not exposed to huge quantities of tritium or radioactivity.’
L2 – ‘Mostly, it’s much better than fission. The US Nuclear Regulatory Commission has already preliminarily adopted that fusion would not 
be regulated like fission. It would be much easier to do like an accelerator or in a hospital.’
L3 – ‘So far, we are dealing with tritium on a scale of grams globally, but for boosting a nuclear weapon, you would only need 2–3 grams. If 
you’re now having a global or national industry of handling tritium on a kilogram scale, that poses some questions.’

User preference M2 – ‘The idea is to have these units that are dispatchable power. So you want something like 500 MW or 1 GW electric and this won’t be 
something you want to be changing a lot.’
L8 – ‘In terms of load following, for laser fusion, that is relatively easy. If you operate a 1 GW power plant at 10 Hz, and you reduce the 
repetition rate to 5 Hz, you have just reduced the output power to 500 MW.’

Professional backgrounds of each interviewee are found in Supplementary Table 3. Interviewee codes starting with ‘M’ refer to MFE experts, with ‘L’ for LFE experts.
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still undeveloped and untested23,35. Therefore, at the time of writing, 
the uncertainty in design specifics of a working FPP makes it difficult 
to estimate the CAPEX for an FOAK FPP. This difficulty is undoubtedly 
reflected in the wide range of cost estimates, with uncertainties driven 
by many non-technological factors, such as the role and sector of inter-
viewees, or time and assumptions used in publications.

For example, for the sector of interviewees, Fig. 4 reflects greater 
optimism among private sector experts in cost estimates, compared 
with public sector experts. The two lowest estimates were provided 
by private sector experts, at US$1,404 kW−1 (L9) and US$2,500 kW−1 
(average, M18). Private sector experts’ CAPEX estimates averaged at 
US$7,000 kW−1, while public sector experts estimated an average of 
US$26,000 kW−1. This disparity can be explained by an optimism bias 
in firms, especially among entrepreneurs, that results in private sec-
tor experts focusing on positive outcomes45 and to believe in a more 
cost-favourable realization of fusion power technology.

Although uncertainties exist and must be duly noted (see 
Supplementary Table 6 for relevant contexts surrounding each esti-
mate), referring to a range of samples, rather than individual sources, 
still serves to reduce the effects of biases. For the purpose of the sub-
sequent analysis, this range acts as a useful reference for the CAPEX 
range of an FOAK FPP.

Discussion
To justify major investments in fusion power technology as a decarboni-
zation solution, FPPs must be able to generate low-carbon electricity 
at a low cost in the near future. The literature has previously shown 
that, if FPP technology achieved ERs of 8–20%, it could be affordable 
enough to play a role in net-zero power systems, thereby justifying 
current levels of investment. However, using a combination of expert 
elicitation and empirically grounded theory, we demonstrate that FPPs 
exhibit technological characteristics suggesting that their ERs are likely 
to resemble those of nuclear fission power plants, around 2%, or, at 
best, align with those of large-scale energy technologies, which have an 
average ER of approximately 8% (ref. 26). Thus, the previously assumed 
ERs of 8–20% for fusion appear unjustified and overly optimistic and 
should accordingly be revised downwards in fusion cost projections 
and, where relevant, energy system projection models. As such, for the 
subsequent analysis, we assign an optimistic but justified ER of 5% to 

FPPs, a value that is the median of the aforementioned 2–8% and also 
the average global ER of type 3 technologies31.

With this evidence-backed ER, Fig. 5 presents an estimated experi-
ence curve for FPPs, constructed using the interquartile range (IQR) of 
FOAK CAPEX estimates (to remove potentially anomalous estimates that 
are excessively high or low) and the fusion-specific ER, alongside the 
historical experience curves of other CAPEX-heavy energy technologies. 
The cases of photovoltaic (PV) modules and Li-ion batteries demonstrate 
how a high ER can help an initially expensive technology become afford-
able through continued deployment. The successful proliferation of PV 
modules and Li-ion batteries today can be attributed to this accelerated 
learning effect, which has probably inspired optimism in the ERs of 
other energy technologies, including fusion energy. Unfortunately, as 
our results show, fusion energy is unlikely to benefit from the rapid cost 
decline experienced by other technologies with different characteristics. 
A low ER would be less consequential if costs were relatively low from the 
outset, as demonstrated by the cases of nuclear fission and onshore wind, 
where their costs have remained stable and were affordable from early 
deployments. However, fusion energy is expected to have the disadvan-
taged combination of a low ER and high initial CAPEX. As such, despite 
uncertainties surrounding specific designs and costs of future FPPs, the 
expected cost trajectory for the technology will probably remain orders 
of magnitude above competing energy technologies. This result casts 
considerable doubt on the affordability and future role of fusion energy 
in a net-zero energy system.

These findings carry important implications for energy system 
modellers, investors in both the public and private sectors, and fusion 
energy researchers and their funders. Energy system modellers play a 
crucial role in shaping investment decisions by projecting future costs 
and the deployment of energy technologies. Our results suggest that 
these models should update their ERs for FPPs to better reflect their 
likely cost trajectories. Overly optimistic ER assumptions can lead to 
inflated expectations of fusion’s economic competitiveness, which 
in turn may distort investment decisions. Even if fuel costs are mini-
mal, continuously high CAPEX suggests that electricity produced by 
FPPs will remain economically uncompetitive with other low-carbon 
technologies. Although public policymakers do not base technology 
investments solely on economic competitiveness, in the case of the 
highly substitutable product of electricity, economic considerations 
will carry a large weight. As such, given our findings, investors should 
continue to recognize that FPPs represent a high-risk investment.

For fusion energy researchers and the agencies that fund them, 
we recommend considering alternative fusion concepts that exhibit 
technological characteristics with more favourable cost-reduction 
potential. This study has limited its scope to the mainstream fusion 
approaches of tokamak, stellarators and LFE, and specifically utiliz-
ing the dominant D–T fuel combination. Yet, other fusion concepts 
exist, based on alternative technology designs (such as field-reversed 
configurations or z-pinch)or utilizing other fuel combinations (such 
as deuterium–deuterium or proton–boron). Future research should 
follow our structured evaluation to analyse whether these alternatives 
potentially offer more favourable technological attributes—such as 
reduced complexity, lower need for customization or smaller unit 
size—that could enable higher ERs. Even if such alternatives might 
require a high initial specific investment, a steeper experience curve 
could make them economically superior in the long term (or not).

In summary, our results show that currently assumed ER assump-
tions for fusion energy are too high and urge a reassessment of fusion 
energy’s role in the clean energy transition based on its likely cost 
dynamics rather than its technical promise alone.

Methods
Approach to examining ERs for fusion power technologies
Using ERs is a reliable method to forecast future cost reductions of 
technologies25,26. However, the availability of historical cost data had 
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remained a prerequisite for obtaining ERs of technologies, making it 
inapplicable for nascent technologies. The method used in this study 
overcomes this limitation by connecting two key pillars of knowl-
edge: first, technological characteristics are empirically linked to ERs, 
and second, the ERs of technologies with known characteristics are 
available26,31–33. Based on these, the general approach of this study is 
as follows: First, semi-structured expert interviews were conducted to 
assess the technological characteristics of FPPs. Second, as part of the 
interviews, interviewees complete a survey that places FPPs’ character-
istics in relation to technologies with known characteristics and known 
ERs. Lastly, a qualitative analysis based on existing academic literature 
obtains the ER ranges associated with the identified characteristics 
of FPPs, which can then be compared with existing ER assumptions.

Interview guide and characteristic ratings
A semi-structured interview guide was developed to improve consist-
ency and reduce bias in interview questions. Rather than solely survey-
ing experts on their direct ratings of the technological characteristics 
of fusion energy, interviewees were asked guiding questions designed 
to elicit the underlying reasons for their assessments of MFE or LFE 
systems, depending on their expertise (see Supplementary Table 7 for 
the interview guide). For design complexity and need for customiza-
tion, after answering the guiding questions, experts were asked to rate 
a future commercial FPP from 1 to 7, where for design complexity, 1 is 
‘simple’ and 7 is ‘highly complex’, and for need for customization, 1 is 
‘standardized’ and 7 is ‘customized’. A unique feature introduced in 
this study is the usage of reference technologies in the survey ratings. 
Without reference technologies, the definitions of ratings become 
much more subjective to interpretation. For example, some might 
view a pen as a ‘simple’ technology with a design complexity rating of 
1, while others might rate it as 2, believing that a pencil would be less 
complex. In this study, solar panels and nuclear fission power plants 
were placed at rating levels 2 and 6 to represent a simple, standard-
ized technology and a complex, customized technology, respectively. 
Now, it becomes clearer to interviewees that both pens and pencils 
would have a design complexity of 1. As such, the use of reference 
technologies enables stronger consistency across interviewees in 
their assessment of the available range of 1–7. The technological 
characteristic of unit size was often introduced naturally during the 
flow of conversation when discussing FPPs’ need to customize to 
user preferences.

Interviews
The identified interviewees are experts from both the public and pri-
vate sectors, with extensive involvement in magnetic confinement or 
laser-based inertial confinement fusion research or projects. Experts 
were identified through online resources, specifically LinkedIn and 
websites of fusion energy organizations, as well as through snowball 
sampling, where interviewees were asked to identify other potential 
experts. Interviewees were contacted via email or LinkedIn messaging, 
during which they were provided an information sheet with back-
ground information on the study. All interviews were conducted under 
the Chatham House Rule46 ensuring that neither the identity nor the 
affiliation of the speaker may be disclosed. A total of 28 interviews 
were conducted via online video calls between August 2024 and March 
2025, each lasting between 40 min and 1 h, and were recorded with the 
participants’ explicit consent. The interviews received ethics approval 
from the ETH Zurich Ethics Commission without reservations (Ethics 
Approval Reference24: ETHICS-349).

Interview data analysis
Recorded interviews were transcribed using either the built-in tran-
scription software of Microsoft Teams or NoScribe47. Each transcript 
was then manually reviewed by the authors and a student research 
assistant to remove filler words and erroneous transcriptions. 

Postprocessed transcripts and the notes were then coded for argu-
ments conveyed by interviewees that are relevant for technological 
characteristic analysis.

CAPEX experience curve calculations
To obtain the experience curve of fusion energy technology, the fol-
lowing formula was used to plot the evolution of CAPEX with increasing 
cumulative deployment:

CAPEXt = CAPEX0 × ( DtD0
)
log2(1−ER)

, (1)

where CAPEX is the initial CAPEX, Dt is the cumulative deployment at 
time t, D0 is the initial deployment at time 0, and ER is the ER. The IQR 
of CAPEX estimates (Supplementary Table 6) is plotted as CAPEX0, at 
a starting deployment of 500 MW. An ER of 5% is applied to the mean 
initial CAPEX as well as the IQR.

To obtain the experience curves for onshore wind, PV modules 
and Li-ion batteries, historical starting CAPEX (in US$ kW−1, or US$ per 
kWh capacity), the corresponding starting cumulative deployment (in 
GW or GWh capacity), and ERs are collected for each technology. Based 
on equation (1), a line graph is plotted for each technology, which ends 
at the global cumulative deployment of each technology to date. For 
onshore wind, the starting cost and starting cumulative deployment are 
obtained from Wiser et al.48, ER from Rubin et al.49 and end cumulative 
deployment from Wiser et al.50. For PV modules, starting costs, starting 
cumulative deployment and ER are obtained from Nemet51, while the 
end cumulative deployment is taken from IRENA52. For Li-ion batteries, 
all relevant data are obtained from Ziegler and Trancik53,54.

To obtain the experience curve for nuclear fission power plants, 
historical overnight construction costs (OCCs) of individual nuclear fis-
sion power plants and their corresponding global cumulative installed 
capacity are obtained from Lovering et al.44. A least-squares error linear 
fit is then plotted based on

log (CAPEX) = a log (D) + b, (2)

where log(CAPEX) is the dependent variable of the log of OCC (in 
US$ kW−1) and log(D) is the independent variable of the log of global 
cumulative installed capacity (in GW). The ER of nuclear fission power 
plants is then obtained from the resultant linear line graph. All mon-
etary data are adjusted for inflation and converted to 2024 US dollars, 
based on average annual US inflation rates.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data to reproduce Fig. 5 are available via GitHub at https://github.com/
LingxiTang/fusion-ER.
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