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Nuclear fusion technologies have re-gained momentum in the last decade thanks to their disruptive potential in different fields, such as energy production and space propulsion, and to new technological developments, especially high temperature superconductor tapes, which allow overcoming previous performance or design limits. To date, reviews of recent nuclear fusion designs are lacking. Therefore, this paper aims at giving a comprehensive overview of nuclear fusion concepts for industrial applications with a focus on the private sector. The designs are classified according to the three leading concepts for plasma confinement, namely, magnetic confinement, inertial confinement and magneto-inertial confinement. The working principles of the main devices are described in detail to highlight strengths and weaknesses of the different designs. The importance of the public sector on private projects is discussed. The technological maturity is estimated, and the main criticalities for each project are identified. Finally, the geographical distribution of the companies (or public institutions) pursuing the design of fusion devices for commercial applications is reported.
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1 INTRODUCTION
Nuclear fusion has been investigated throughout the years since the first theoretical works on stars core physics in the 20s and 30s (Atkinson and Houtermans, 1929; Oliphant et al., 1934; Bethe, 1939). The first machines to replicate fusion reactions on the Earth were built during the 50s (Barbarino, 2020), and both research and achievements have progressed steadily until now (Figure 1). Despite the physics and engineering complexity behind fusion reactors, nuclear fusion has always attracted mankind thanks to the following key features: it achieves extremely high power densities; it relies on abundant fuel (see Section 2.5.2 for details on fuel supply); it does not emit any greenhouse gas during operations and shows a very low carbon footprint on a life-cycle basis (Banacloche et al., 2020); it is intrinsically safe thanks to the absence of chain reactions (i.e., the reactants are different from the reaction products, so a runaway of the fusion process is not possible in case of loss of reaction control); the generation of high-level waste can be minimized by carefully selecting low-activation materials when designing the reactor (Zucchetti et al., 2013); and fusion power plants can in principle be designed for baseload production and with load-following capabilities (Segantin et al., 2019). Since the energy sector contributes to approximately 75% of the World greenhouse gas emissions (Ge et al., 2020), the introduction of a high-energy density, low-carbon energy source in the energy mix would be an additional tool to meet the Climate Action goals (SDG 13) and to improve the access to sustainable and modern energy (SDG 7) (UN, 2015). Nicholas et al. (2021) showed indeed the important role that fusion energy can have in the energy mix if commercial fusion becomes available in the second half of the 21st century [i.e., according to the timeline defined by the DEMO project (Romanelli et al., 2012)]. Nevertheless, commercial fusion reactors may enter the energy mix sooner than expected thanks to private companies and start-ups.
[image: Figure 1]FIGURE 1 | Triple product achieved by different fusion devices along the years. The green region depicts the triple product required to achieve ignition. Data from: NIF (approximated) (Bishop, 2022), ITER (Mukhovatov et al., 2003), JT-60U (Fujita et al., 1998; Kishimoto et al., 2005), W7-X (Wolf R. et al., 2019), IPA (Slough et al., 2011), TFTR (Hawryluk et al., 1998), JET (JET Team, 1992), Alcator-C (Greenwald et al., 1984), PLT (Grove et al., 1977), TFR (TFR Group, 1985), ST (Stodiek, 1985), T-3 (Peacock et al., 1969), ZETA (Thonemann et al., 1958).
The goal of this paper is to provide a comprehensive, up-to-date review of fusion machine designs in light of the tremendous acceleration that the nuclear fusion field has experienced in the last decade. The attempts to develop nuclear fusion technologies is a driving force for research and industries in several fields, from structural materials to magnet technology, from energy production to space propulsion. The entry of the private sector into commercial fusion projects has greatly contributed to this acceleration, making nuclear fusion a technology of interest even in the short-to-medium term.
To date, available reviews on nuclear fusion reactors are outdated (Ribe, 1975; Post, 1976; Dabiri, 1988), focus on specific confinement approaches (Monsler et al., 1981; Ongena et al., 2016) or specific reactor systems (Muroga et al., 2002; Ihli et al., 2008), and are limited to specific regions (Andreani and Gasparotto, 2002; Morley et al., 2006; Tanaka, 2006). Given this, there is a need for a comprehensive framework of fusion reactors that takes into account the recent developments in the field, many of which are privately-funded, and on a global scale. This need has been acknowledged also by the International Atomic Energy Agency (IAEA), which has identified and mapped fusion devices worldwide (IAEA, 2021). In light of this, the present paper aims to provide an updated overview of recent fusion reactor projects on a global scale, with a focus on recent developments in the field. Each of these projects has advantages and different challenges to be overcome, related to plasma confinement and stability, machine engineering, and materials performances, to mention a few. An overview on nuclear fusion fundamentals, plasma confinement approaches and on the most relevant devices developed in the past is provided before introducing the different projects. Many of these companies make use of speculative or widely-extrapolative approaches to try to simplify physics or engineering problems. These approaches are described here for information and comparison, although it is beyond the scope of this paper to examine all the claims in detail. For specific discussions on advanced physics concepts and confinement schemes the reader is referred through the text to well-established works in literature.
The paper is structured as follows: Section 2 introduces the main applications of fusion energy and the challenges that are common among the different designs; Section 3 provides a review of the approaches to exploit fusion energy and the designs of fusion devices under development by private companies (or public-private partnerships); Section 4 discusses extensively the main achievements, the open issues and the technological maturity of the design described in Section 3.
2 NUCLEAR FUSION: APPLICATIONS AND CHALLENGES
2.1 Fundamentals of nuclear fusion
Nuclear fusion is a nuclear reaction in which two nuclei overcome the repulsive electrostatic force that keeps them separated and form one or more new nuclei and subatomic particles. This reaction releases energy if the starting nuclei are relatively light (up to 56Fe and 62Ni) and therefore have a high binding energy per nucleon. The most studied nuclear fusion reactions for energy applications are those employing as reactants 1 a plasma of the isotopes of hydrogen (deuterium and tritium), 3He or 11B:
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For these reactions to be sustained, the reactants must be in the plasma state. The fusion cross section for the aforementioned reactions is reported in Figure 2 as a function of the energy.2
[image: Figure 2]FIGURE 2 | Experimental cross sections (σ) for the most relevant fusion reactions. Most of the projects are based on D-T reactions, which show the highest cross section at low energy. The x-axis shows the energy in the laboratory frame. Libraries: ENDF/B-VIII.0 (D-D, D-T, D-3He, 3He-3He) (Brown et al., 2018) and EXFOR (p-11B) (Otuka et al., 2014). The (p-11B) cross section is the result of the interpolation of the experimental data in the EXFOR library.
The concept of plasma is fundamental in fusion engineering, being the state of matter in which the reacting fuel is present inside a fusion device. More precisely, the name of plasma is attributed to an ionized gas, with a behavior dominated by long-range electric and magnetic interaction (conversely, the most relevant interactions for a normal gas are short-range collision). A plasma can be obtained from a gas heating it up to temperatures in which the average kinetic energy of particles is comparable with ionization energy, obtaining a mixture of electrons and ions. Indeed kinetic thermodynamics states a clear relation between the average kinetic energy of particles Ek and the temperature of the system, in the form:
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where kB is the Boltzmann constant. Because of the proportionality of E and T, in plasma physics it is customary to measure the temperature using an energetic unit, the electron volt (i.e., the energy gained by a particle with unitary charge accelerating through a potential of 1 V). In the following, temperatures are always indicated in eV or in its multiples. The state of plasma constitutes the largest fraction of matter in the Universe. Stellar coronas, interplanetary plasma, the ionosphere, electric arcs are just some examples of this abundance. Clearly, differences are present between all these examples of plasma, exactly as solids differ from each other, still being in the same state of aggregation. The two main parameters for the classification of plasmas are the particle density, n, and the plasma temperature, T. These parameters can vary on a surprisingly large range, around 25 orders of magnitudes for particle density and 7 for temperature. Plasmas of interest for fusion aims present a particle density of around 1020 m−3 for magnetic confinement or 1031m−3 for inertial confinement, with a similar temperature of about 10 keV.
However, considering the most studied D-T reaction, a particular condition must be reached for a steady state reactor: the power heating of alpha particles must be large enough to balance bremsstrahlung and thermal conduction losses, excluding any external power contribution. This condition is called ignition and its limits on p, T are set by the Lawson Criterion3 (Freidberg, 2007):
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where Kα is a constant related to alpha power heating, KB and Kk are constants related to Bremmstrahlung and conduction losses, p is the plasma pressure, and τE is the energy confinement time. The Lawson criterion sets quantitative requirements to the plasma pressure and the energy confinement for a self-sustaining plasma (i.e., the energy released by the fusion reactions maintains the plasma hot enough for the reactions to keep occurring). The right hand side of Eq. 8 is indeed related to self-heating from the alpha particle produced by fusion reactions and plasma losses. An extension to the Lawson criterion can be derived by working out Eq. 8 and introducing the triple product nTτE. For instance, for D-T fusion in the 10–20 keV range (Wesson and Campbell, 2011):
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to achieve ignition which is the operating regime of interest for fusion power plants. The triple product establishes therefore a link between plasma conditions (n and T), confinement (τE), and the capabilities of the plasma to be self-sustained, resulting in a useful metric to analyse and compare designs exploiting different confinement approaches (as shown in Section 3).
2.2 Energy production
Nuclear fusion technologies find their main applications in energy production. The goal is to produce energy using the heat generated by nuclear fusion reactions. So far nuclear fission has been successfully used to produce energy without CO2 or other pollutants emissions, but still faces issues such as the production of high-level (nuclear) waste, the use of uranium that is not renewable, and a negative perception/reputation with part of the population (Kim et al., 2014). These problems are of less concern for fusion reactors. First generation fusion reactors would likely exploit deuterium and tritium, which can be considered as a renewable fuel, and are being designed not to produce high-level waste. Deuterium can indeed be obtained from seawater and therefore is a practically unlimited element, while tritium can be produced from lithium in the reactor itself (Section 2.5.2). Compared to the other energy sources, nuclear fusion has many advantages: no greenhouse gas or other pollutant emission during operations, no chain reactions, baseload production and load-following capabilities. These aspects make nuclear fusion extremely promising from the point of view of energy production, but it is not exempt from concerns and issues (Section 2.5).
Two useful figures of merit employed when assessing the power balance in fusion systems are the (physics) gain factor Q and the engineering gain factor Qe (Freidberg, 2007). Q is related to the Lawson criterion, and is defined as the ratio of the net thermal power produced by the fusion reactions to the external heating power required to keep the plasma in steady-state. For D-T fusion, [image: image] (80%) of the energy is released as kinetic energy of neutrons, which do not interact with the plasma and escape the confinement. Therefore, only [image: image] (20%) of the energy produced in D-T fusion reactions contributes to plasma heating, and external heating must be provided until ignition is reached (Q → ∞ at ignition). A value of interest for Q is Q = 5 which corresponds to the entry in the burning plasma regime, i.e., when the alpha power equals the external power. Nevertheless, for practical energy production Q must be much higher. The fusion power has to be converted in electricity by means of a classical power cycle (e.g., Brayton, Rankine). Similarly, plasma heating systems require an external electricity input that is only partially converted into thermal power for the plasma. A more useful figure of merit is therefore Qe, which is the ratio of the net electricity output to the electricity input.
The technologies proposed to produce energy from fusion reactions are based on three main approaches: magnetic confinement fusion (MCF, Section 3.1), inertial confinement fusion (ICF, Section 3.2) and magnetized target fusion (MTF, Section 3.3).
2.3 Space propulsion
Nuclear fusion has a tremendous potential for space propulsion. Chemical propulsion has been successfully used in the past decades for short-distance missions, but it is impractical for farther, manned missions. Nuclear (fission) propulsion has been investigated as an advanced solution during the Rover/NERVA program (Robbins, 1991) and the use of nuclear thermal propulsion is considered the most suitable propulsion system for a manned mission to Mars (Drake et al., 2010). Eventually, even nuclear fission will become impractical for long distance missions (e.g., beyond Mars or outside the Solar System). Nuclear fusion could then provide a more advanced solution to long distance travels (Genta and Kezerashvili, 2020; Aime et al., 2021). D-T fusion can be exploited to achieve higher specific power and higher exhaust velocity than nuclear fission propulsion by exploiting known fusion processes and available technologies (Slough, 2018). Despite being less investigated than nuclear fission propulsion, nuclear fusion propulsion has been studied since the 50s within the Project Orion (Dyson, 2002), and more recently by the NASA Innovative Advanced Concept program (Slough et al., 2012; Slough, 2018).
A nuclear fusion rocket is substantially different from a nuclear fusion reactor. The large mass and the need for a high power removal of a terrestrial fusion reactor make the MCF and the ICF hardly implementable for space propulsion applications. Rocket mass is indeed a hard constraint in space propulsion, and power exhaust is a critical issue in space due to the absence of an efficient thermal sink. MTF is therefore the leading approach for space propulsion (Adams et al., 2003), even though alternative designs based on field-reversed configuration have been proposed as well (Razin et al., 2014).
2.4 Other applications
The main applications for nuclear fusion are undoubtedly energy production and space propulsion. Most of the research and the investments in the last decades focused on these two fields. Nevertheless, there are several other applications of nuclear fusion that have yet to be fully explored. Two notable examples include nuclear waste processing (e.g., from fission or medicine) and the production of radioisotopes for medical applications. High energy neutrons from fusion reactions have the capability to transmute long-lived radioactive isotopes into shorter-lived or non-radioactive isotopes, reducing the volume and hazard of high-level nuclear waste. The reader can find conceptual design for nuclear waste treatment in (Parish and Davidson, 1980; Stacey et al., 2002; Şahin and Übeyli, 2004; Mehlhorn et al., 2008).
Fusion reactions can be also used to produce a wide range of isotopes for medical imaging and therapy. These isotopes play a vital role in the diagnosis and treatment of cancer and other diseases. Despite being still in early stages of research, this application of nuclear fusion promises to be used as an additional source of these isotopes together with fission reactors and particle accelerators. The reader can find additional information in (Cipiti and Kulcinski, 2005; Leung et al., 2018; Agostini et al., 2021).
There are other few options as side applications for nuclear fusion. We refer to side applications to stress that those are not considered as core business [despite radical innovations in fusion technology or the growth of new markets may change this paradigm (Griffiths et al., 2022)] but as possible additional revenue streams for fusion power plants (Alhamdan et al., 2022). Low-temperature applications of fusion energy include desalination and district heating, while high-temperature applications include hydrogen production and process heat production (Griffiths et al., 2022).
2.5 Main technological challenges
This subsection briefly presents the challenges that are common to all the confinement approaches, applications, and devices.
2.5.1 Plasma confinement and stability
As presented before, to obtain an energy gain and a self-sustained system from fusion, plasma temperature and particle density must be tuned in the desired range; the maintaining of such conditions by a suitable system of forces is called plasma confinement. Ions must overcome coulomb repulsion by means of their kinetic energy, to exploit the strong nuclear force that tends to bring nucleons closer together. Unfortunately, the strong nuclear force becomes dominant only on a very short range, introducing the necessity of high particle energy (e.g., high plasma temperatures); even by increasing the temperature to maximize the reaction cross section (see Figure 2), the probability to obtain a fusion interaction remains dramatically low. A large enough time must be given to the system for interaction. This can be achieved by confining the plasma by external means to slow down the spontaneous expansion and cooling of the plasma itself. The confinement time τE, is consequently introduced in the Lawson criterion (Eq. 8). While in nature gravity represents the confinement force for fusing plasma (e.g., in stars), such strategy cannot be exploited by fusion reactors due to the enormous masses of the reacting systems that would be required. Consequently the main approaches previously mentioned (MCF, ICF, MTF) have been developed to substitute gravity.
Magnetic confinement relies on magnetic fields to confine the plasma, starting from the consideration that the trajectory of charged particles can be modified by the Lorentz force, while the inertial confinement exploits the inertia principle to compress the system thanks to an implosion of the fuel. Considering MCF, the system should be confined in a stable condition in which the main plasma parameters are the desired ones, but still allowing for efficient helium ash removal from the core plasma to avoid excessive fuel dilution (i.e., a pathway for particle exhaust must be present). Since the plasma is a highly-conductive fluid, the magnetic field lines and the plasma itself are tightly coupled and moves together (in the ideal case), allowing to manipulate the plasma by acting on the magnetic field, and vice versa. Unfortunately, small perturbations naturally appear in the plasma column, and could evolve and diverge, quickly destroying the plasma column itself and in the worst scenarios leading to surface damages to the reactor walls. As far as the inertial confinement approach is concerned, stability is mostly related to the symmetry of the shock wave that triggers the implosion of the fuel. Even small perturbations in the front of the shock wave can lead to ineffective compression, with a consequent degradation of plasma density and temperature. The physics of instabilities is beyond the aim of the present paper, but dealing with them is one of the more challenging issues in fusion research.
2.5.2 Fuel
Any device that exploits fusion reactions requires fuel (and refueling). Fuel can be provided as a gas or as a solid pellet, usually stored and processed in loco. For p-11B fusion, both the reactants are abundant, but this is not the case for D-T or D-3He fusion. Deuterium can be easily extracted from water, while tritium is a radioactive isotope with a half-life of 12.3 years (meaning that hardly any T is available in nature), and 3He is an extremely rare element on the Earth.
Current reserves of tritium are estimated as 30–40 kg (Kovari et al., 2017; Pearson et al., 2018). As a means of comparison, a 3,000 MWth fusion reactor would consume approximately 170 kg of tritium per full power year. D-T fusion devices are therefore being designed to produce (breed) tritium in the reactor itself by exploiting the nuclear reactions between neutrons and lithium. The component devoted to tritium breeding is the breeding blanket. Each D-T fusion reaction produces a neutron, which travels almost freely through the plasma until reaching the structure surrounding the vacuum chamber, where the breeding blanket is located. Most of the neutrons are slowed down in the blanket, releasing energy in the form of heat and eventually being absorbed by the blanket materials. Materials with a high content of lithium are used to breed tritium according to the reactions in Eqs 10, 11:
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where the former reaction is exothermic, whereas the latter reaction requires a neutron of energy greater than 2.5 MeV to occur. Available reserves of lithium are enough to sustain fusion energy development at any reasonable rate for the next decades (Meschini, 2021). A D-T fusion device that produces more tritium than the amount it burns is said to achieve tritium self-sufficiency. The figure of merit used to assess tritium self-sufficiency is the tritium breeding ratio (TBR), i.e., the ratio between tritium produced and tritium burnt in the system. TBR [image: image] 1.0 is required for tritium self-sufficiency and to build up a tritium inventory to start-up new D-T fusion reactors. Since each fusion reaction produces one neutron, TBR [image: image] 1.0 requires additional neutrons to be produced in the blanket. To do so, neutron multipliers [i.e., materials that can increase the neutron flux by the (n, 2n) reaction, usually Be or Pb in solid or liquid phase (Sorbom et al., 2015; Martelli et al., 2018)] are included in the design of the breeding blankets. The reader should be aware that current estimation of TBR by means of neutronic codes can be affected by errors as high as 5%–15% due to modeling assumptions, calculation methods and uncertainties in the nuclear data (Youssef and Abdou, 1986; Sawan and Abdou, 2006). For instance, analysis on the neutron multiplication cross sections of lead showed a discrepancy of [image: image] for the widely employed nuclear data libraries FENDL-2.0, JEFF-2.2 and JENDL-3.2 (Sharma et al., 2001). Also, the uncertainties on the TBR for the DEMO (Demonstration power plant) design have been recently quantified in the range 3%–4% because of the uncertainties on the input nuclear data (Park et al., 2021). Therefore, the TBR and tritium self-sufficiency are still topics affected by huge uncertainties, and a strong effort is needed in the fusion community to reduce these uncertainties. It is worth mentioning that ITER endorsed the FENDL data library for fusion reactor design studies (Pashchenko et al., 1996).
3He is instead produced by D-D reactions or by tritium decay. In principle, a D-3He fusion device does not require a breeding blanket because it relies on an open fuel cycle, removing the complexity of a breeding blanket from the reactor design but introducing the need of an external source of 3He. A large source of 3He is found in Moon regolith (Kulcinski and Schmitt, 1988). Many analyses have been carried out on the feasibility of 3He mining from the Moon (Sviatoslavsky, 1988; Crabb and Jacobs, 1992), but only conceptual designs and missions have been produced so far because of the high financial risk of the projects and lack of validated technologies.
Boron is much more common than T or 3He on the Earth. The main reserves are in Chile, China, Russia, and in the US. No supply issues are foreseen in the next future at the current rate of consumption (U.S. Geological Survey, 2023).
2.5.3 Magnet technology
In the majority of confinement approaches being currently pursued (MCF and MTF), the success of the project relies on the possibility of generating a precisely controlled magnetic field distribution, and superconducting magnets and coils are needed to obtain it in a cost-effective manner. In fact, resistive Cu magnets can attain very high fields, but the amount of power required to run them, due to dissipation, makes them not viable for a power plant design requiring therefore the use of superconductors. In order to achieve compact MCF or MTF reactors the magnetic fields need to be particularly high, and the only currently available superconducting technology that allows conveniently achieving such [image: image]15 T fields is that of high temperature superconductors (HTS) tapes (Bruzzone et al., 2018; Wang et al., 2021; Zhai et al., 2021). However the HTS industry is relatively young and only recently is getting close to the point where it can ensure the production volume and the reliability of the product that are needed for a widespread employment of this technology (Hartwig et al., 2020; Molodyk et al., 2021). Moreover, the best arrangement of HTS tapes in cables and then in coils and magnets is an open field of research (Uglietti, 2019) and different solutions are explored for different fusion projects. Another crucial issue that is the focus of an intense research activity is that of magnet quench (Heller et al., 2019; Wolf M. J. et al., 2019; Zappatore et al., 2020; Bykovskiy et al., 2022; Teyber et al., 2022): in fact, a thermo-magnetic instability can lead to a permanent damage to the system.
2.5.4 Radiation damage
Materials operating within a fusion reactor will be exposed to a harsh radiation environment, depending on the region of the device where they will be employed, and mainly determined by the long-term irradiation by high-energy (up to 14 MeV) neutrons (Guo et al., 2015). A strong research effort is devoted to understand the radiation hardness of plasma facing components and structural materials (Ferraris et al., 2008; Rowcliffe et al., 2018; Torsello et al., 2022a), but this issue is also crucial for sensing and detection devices and functional materials such as superconductors for magnets. Although placed relatively far from the plasma, the radiation environment can represent an issue for materials whose useful properties are sensitive to much lower damage levels (of the order of 10–3 dpa, where dpa stand for displacement per atoms and is a measure of the amount of defects introduced by the radiation). This is the case of superconductors (Fischer et al., 2018), for which the operating conditions (cryogenic temperature and high circulating current) make it particularly difficult and interesting to investigate experimentally the performance under or after neutron irradiation (Iliffe et al., 2021; Torsello et al., 2022b). In this regard, aneutronic fusion reactions (i.e., those fusion reactions which do not produce neutrons) are of particular interest because they may relax some of the constraints in reactor design related to material damage. It should be noted that p-11B and 3He-3He are aneutronic reactions Eqs 5, 6, while the D-3He reaction (Eq. 4) is not completely aneutronic due to the D-D side reaction (Eq. 1).
2.5.5 Power conversion
The goal of a fusion device is to achieve net energy production, which is essential for its practical application as an energy source. One of the key components of a fusion device is therefore the power conversion system, which is necessary to convert the energy released by fusion reactions into a form that can be used to generate electricity. In D-T fusion, 80% of the energy released by fusion reactions is carried by neutrons in the form of kinetic energy. This energy must first be converted into thermal energy, which is achieved through the use of a blanket. Neutrons are slowed down as they pass through the blanket, which heats a coolant that flows through it. After this stage, power conversion takes place as in conventional power plants by means of a secondary coolant that actionates one or more turbines. Notable exceptions are direct electricity generation for p-11B reactions (Yoshikawa et al., 1991) and direct ejection of high-energy particles for space propulsion (Razin et al., 2014).
2.5.6 Costs
Estimating the cost of future fusion reactors is a challenging task for both analysts and companies. Nevertheless, there are no doubts that fusion reactors (and fusion power plants) will require huge investments. Preliminary estimations for the conceptual design of ARC resulted in a total gross cost of approximately $5.5B (Sorbom et al., 2015). Similarly, the US NASEM report sets as target $5–6B for a fusion pilot plant (NASEM, 2021). The cost estimate for ITER based on the 2001 design was €5B (ITER, 2023), but the cost increased up to €20B4, while some of the member countries are arguing that the final cost will be even higher (Kramer, 2018). Major drivers for fusion reactor cost are the large size of the plant and the amount of raw materials required (steel, concrete, etc.), need for specific components for which standardised production is not yet available (e.g., superconducting magnets, vacuum vessel, etc.), and one can reasonably expect a strong contribution from the capital cost (i.e., high interests on debt) due to the financial risk associated to commercial fusion projects [as expected for similar, innovative technologies like IV generation fission reactors (Mignacca and Locatelli, 2020)].
3 OVERVIEW OF COMMERCIAL FUSION PROJECTS
In this section we present the most relevant commercial projects in nuclear fusion from organizations working toward a demonstrator. The projects are classified according to the plasma confinement approach (MCF, ICF, MTF) and have been selected from the main database on nuclear fusion projects [e.g., (IAEA, 2021)]. A large fraction of the technical details reported within the projects have been published in peer reviewed journals. Whenever data could not be found in the scientific literature, we omitted it or we clearly stated that the source is the company itself. Since not all the projects have a unique name, the subsections are named after the company or the institution, and in each subsection they are listed in alphabetical order.
3.1 MCF
Magnetic fields are a natural candidate for plasma confinement, because the electrically charged ions and electrons that make up the plasma interact with the magnetic field lines and follow well defined orbits, avoiding contact with the reactor walls. For this reason, one of the key enabling technologies for MCF is that of superconducting coils. A superconductor can carry several orders of magnitude more current density than a normal metal, and do so without any dissipation. However, the cables must be kept at cryogenic temperatures and have limitations on the maximum current and magnetic field they can withstand (Figure 3).
[image: Figure 3]FIGURE 3 | Whole wire critical current densities as a function of applied magnetic field for the superconducting materials currently considered for the design of fusion reactors. It should be noted that two sets of data are presented for REBCO tapes (parallel and perpendicular applied field) since their properties are strongly anisotropic. Data from (Parrell et al., 2004; Boutboul et al., 2006; Braccini et al., 2010).
The properties of the first generation of commercial superconducting cables (low-temperature superconductors NbTi and Nb3Sn) allowed the development of large tokamak projects such as EAST (Wu and the EAST team, 2007), ITER (Romanelli et al., 2012), and KSTAR (Lee et al., 2001). Since the reactor cost increases with the reactor size, compact reactors have gained popularity in the last decade. However, there are three drawbacks when decreasing the reactor size. First, the confinement time is proportional to the reactor major radius (Costley, 2016). Larger reactors achieve better confinement (keeping all the other reactor parameters fixed). Second, the total fusion power is directly proportional to the plasma volume, hence to the reactor size. Third, the wall and exhaust loading increase at fixed total thermal power, requiring the first wall and divertor materials to withstand very high particle and heat fluxes (Knaster et al., 2016), and introducing challenges in the design of the cooling systems (Ferrero et al., 2022). While the last issue requires advances in material science and engineering, the first two issues can be overcome by better performing superconductors that can produce stronger magnetic fields. For this reason, the improvement of HTS tape technology recently opened the way to cheaper, smaller scale, projects often financed by private companies or single universities, dramatically enhancing the dynamics of the research field. Tokamak, spherical tokamak, stellarator, field-reversed configuration (FRC) and Z-pinch are among the most studied devices for MCF.
3.1.1 Tokamak
Tokamaks have been studied since the 50s (Barbarino, 2020) as MCF devices. The plasma is confined within the tokamak by a combination of magnetic fields generated by superconducting coils (whose dimensions can be significantly large depending on the radius of the machine) surrounding the torus, and an electric current flowing through the plasma itself. External current drive (e.g., radiofrequency systems or neutral beam injection) may be exploited to operate a steady-state tokamak-based power plant, but efficiency improvements in external current drive systems are required. Alternatively, the plasma current is produced by a central solenoid (with the plasma working as the secondary side of a transformer) which inevitably leads to pulsed operations. There are several tokamaks in operation around the world, aiming at demonstrating working principles of fusion technologies and at investigating plasma parameters. Some of the most notable ones are: JET (Joint European Torus) in the United Kingdom (Pamela et al., 2003); ASDEX Upgrade in Germany (Stroth et al., 2013); DIII-D in the US (Luxon, 2002); EAST (Experimental Advanced Superconducting Tokamak) in China (Wu and the EAST team, 2007); KSTAR (Korea Superconducting Tokamak Advanced Research) in the Republic of Korea (Lee et al., 2001); T-15 and T-10 in Russia (Smirnov, 2009); JT-60SA in Japan (Kamada et al., 2013). The most relevant projects for commercial fusion based on tokamaks are reported in the following.
3.1.1.1 Commonwealth fusion systems
The affordable, robust, compact (ARC) reactor, originally proposed by the Plasma Science and Fusion Center (PFSC) at MIT (Sorbom et al., 2015; Kuang et al., 2018) and under development by Commonwealth Fusion Systems 5 is a compact tokamak featuring HTS, a liquid immersion blanket (LIB) and a replaceable vacuum vessel. The main idea behind this project is to reduce the size of a fusion reactor thanks to a compact and modular structure, thus decreasing construction and maintenance costs. The ARC reactor will have a major radius of 3.3 m and generates a fusion power of 525 MWth in a plasma volume of ∼ 140 m3. Such a high power density can be achieved thanks to the implementation of REBCO (rare earth barium copper oxide) HTS. Power extraction and tritium breeding is fulfilled by a liquid breeding blanket consisting of a low-pressure, slow-flowing lithium beryllium fluoride molten salt (FLiBe) contained in a tank that surrounds the vacuum vessel. A TBR [image: image] 1 has been computed for different structural and functional materials in the LIB (Segantin et al., 2020; Bae et al., 2022). A classic thermodynamic cycle converts the thermal power extracted from the blanket to electricity. ARC is designed to produce a net electrical power of 190 MWe with a Qe = 3 (Sorbom et al., 2015). CFS is developing a fusion energy demonstrator, SPARC (Sooner/Smaller Privately-Funded ARC), which will demonstrate a Q > 2 with an ARC-class design (Creely et al., 2020). Activities related to SPARC started in 2021, while ARC commercialization-oriented activities are expected to start in 2025, according to the company.
3.1.1.2 DEMO
A broad class of fusion power plants goes under the name of DEMO. DEMO designs follow the path depicted by ITER (International Thermonuclear Experimental Reactor) to achieve MCF with large-sized devices. Scaling ITER technologies to a fusion power plant requires significant efforts, and additional components (e.g., a breeding blanket). ITER will indeed test some of these components prior to their deployment on DEMO design [e.g., the test blanket modules (Giancarli et al., 2012)]. Different DEMO conceptual designs have been proposed by the partner countries in the ITER project, namely, EU DEMO (European Union) (Federici et al., 2018), JA DEMO (Japan) (Tobita et al., 2019), K-DEMO (Republic of Korea) (Kim et al., 2015), and CFETR (China) (Wan et al., 2017). Multiple options for the breeding blanket technology have been investigated and are being tested (water-cooled lead-lithium, dual coolant lead-lithium, helium-cooled pebble bed, etc.), whereas low temperature superconducting magnets (Nb3Sn) are the baseline technology for all the designs, but HTS tapes are also being considered for some magnet subsystems. The thermal power production of such large-scale devices is order of few gigawatts (1,500–2000 MWth for the JA DEMO, 2000 MWth for EU DEMO, 2000–3,000 MWth for K-DEMO, [image: image] 1,000 MWth for CFETR (phase II) (Wan et al., 2017), resulting in a net electricity production of ∼ 300–700 MWe. Construction for the DEMO fusion power plants here reported is expected to begin in 2035–2040 to start the operations by 2050 (Romanelli et al., 2012).
3.1.2 Stellarator
Stellarators are the second most studied type of MCF reactors. Similar to tokamaks they use magnetic coils to confine the plasma in a toroidal region, but no electric currents are driven in the plasma, thus removing the need for a central solenoid. The result is that a single coil system does the work of poloidal and toroidal field coils, and the device is inherently steady-state. This simplification comes at the price of a nonplanar, twisty shape of the coils composing a stellarator: the geometry is complex and the construction extremely challenging. However, this design provides an exceptional intrinsic plasma stability and the possibility of continuous operation. This approach has been investigated in public projects aimed at demonstrating the working principles, the main ones being Wendelstein 7-X in Germany, the Helically Symmetric Experiment (HSX) in the US, and the Large Helical Device in Japan (Boozer, 2021). Recently, private companies also started developing the stellarator concept in France (Renaissance Fusion) and United States (Type One Energy and Princeton Stellarators) with ambitious goals that require huge innovations in some fields, especially related to the complex production of nonplanar coils on a large scale. It should be mentioned that, despite their complexity, stellarator coils are usually smaller than tokamak coils. In-factory production and shipping to the reactor site seems a viable approach for stellarators, rather than on-site manufacturing with the additional costs.
3.1.2.1 Princeton stellarator
Princeton Stellarators 6 intends to utilize arrays of planar HTS magnets instead of the complexly shaped three dimensional coils required in all other proposed stellarator architectures, strongly simplifying the manufacturing. No public timeline is available.
3.1.2.2 Renaissance fusion
Renaissance Fusion 7 intends to develop a segmented stellarator design in which the building block are cylindrical tubes on which the HTS is directly deposited and patterned and that is internally covered by a liquid metal (Li and LiH) layer that provides neutron shielding, heat removal and tritium breeding (Clery, 2022). They aim at achieving a first demonstrator of the building block by 2024, allowing the realization of a high field (10 T) stellarator able to produce net fusion energy by 2025. The final goal is to realize a machine able to produce electricity (Qe > 1) in the early 2030s.
3.1.2.3 Type one energy
Type One Energy 8 focuses on achieving a strong optimization of the plasma stability by employing high performance computing methods and on the development of a comprehensive platform (called NEBULA) for advanced additive manufacturing of HTS magnet assemblies (Clery, 2022). They propose this manufacturing route as a way to dramatically speed up the building times of fusion reactors, aiming at a target of 2 years for complete plant installation.
3.1.3 Spherical tokamak
A spherical tokamak is a modification of the tokamak design in which an extremely small aspect ratio is used, allowing to reduce the size of the hole of the torus as much as possible. The result is a plasma shape that is almost spherical, reminding a cored apple (Stambaugh et al., 1998). The magnetic field is generated by a set of external coils that surround the plasma, and the resulting shape improves the plasma confinement efficiency. The shape of spherical tokamaks leaves little room for a breeding blanket on the inboard side, and shielding the inner legs of the toroidal field coils becomes harder than in a classical tokamak. HTS magnet technology also in this case provides the most promising route to compact, cost-effective fusion energy with this design. Experimental spherical tokamaks operating all over the World includes The National Spherical Torus eXperiment-Upgrade (NSTX-U) in the US (Menard et al., 2017), QUEST in Japan (Takase et al., 2022) and MAST-U and START in the United Kingdom (Sykes et al., 1999). Relevant projects are carried on by Tokamak Energy and UKAEA (United Kingdom Atomic Energy Agency).
3.1.3.1 Tokamak energy
Tokamak Energy 9 has been working on this design for over a decade, realizing tabletop fusion test devices (Sykes, 2015). The ST25 was the first (spherical) tokamak using entirely HTS magnets, while the ST40 achieves a toroidal field of 3 T using cooled copper and aims to demonstrate burning plasma condition parameters (Gryaznevich and Asunta, 2017; Dnestrovskij et al., 2019; Hong, 2022) (the company announced achieving a plasma temperature of 100 million K and a triple product of 6 ⋅ 1018 keV s m−3 in 2022), while HTS magnets with the required performance are being developed in parallel (Prager, 2019). These two advancement paths should converge in the ST80-HTS device that should be complete in 2026, as a last step before the first pilot plant (ST-E1) that is thought to deliver electricity in the early 2030s.
3.1.3.2 UKAEA
STEP (Spherical Tokamak for Energy Production) is a spherical tokamak project proposed by UKAEA10 within the United Kingdom strategy for fusion commercialization (Wilson et al., 2020). The project leverages the previous experience of the United Kingdom on tokamaks (e.g., JET) and spherical tokamaks [e.g., START and MAST (Sykes et al., 1999)]. A possible strategy for STEP foresees a first prototype, SPR, built with known technologies (e.g., using low temperature superconducting magnets instead of HTS), with the possibility to upgrade the machine with HTS once such technology becomes more mature. A pre-conceptual design of the breeding blanket has been proposed by Fradera et al. (2021) exploiting molten FLiBe (LiF-BeF2) encapsulated in pebbles packed together to form multiple breeder units. Other blanket concepts might be under investigation, and a UKAEA team recently published a tool for preconceptual optioneering of STEP breeding blanket (Merriman et al., 2023). STEP roadmap can be divided in three stages (Wilson et al., 2020): develop an integrated conceptual design for SPR (2019–2024); develop the engineering design of SPR (2024–2032); construction and commissioning of SPR to deliver electricity (2032–2040).
3.1.4 Other MCF configurations
Other MCF configurations have been investigated in the past, and some companies based the design of their devices on configurations different from tokamaks, stellarators or spherical tokamaks. Among them, Z-pinch, fusors, field-reversed configurations, and spheromaks are exploited for novel desings.
Field-reversed configurations are compact toroidal-symmetric configurations characterized by the presence of solely a poloidal magnetic field, without toroidal field magnets and central solenoid. The configuration is called field-reversed because a toroidal electric current is induced inside the plasma, which generates a poloidal magnetic field reversed from the externally applied magnetic field. Although theoretical models predict strong instabilities in FRC, small-scale experiments demonstrated a plasma stability far better than expected. This, and the simpler systems required to generate a FRC if compared to tokamaks or stellarators, have made the FRC a configuration worth of interest (Freidberg, 2007). The main applications of this technology are fusion power generation and space propulsion. It should be noted that FRC can be used for both MCF and MTF.
Spheromaks are similar to FRC, yet a toroidal field is present. However, the toroidal field does not require dedicated coils, making the spheromak a simple system. As for the FRC, system simplicity is outbalanced by stability issues.
3.1.4.1 CTFusion
CTFusion (United States) designed Dynomak, a high-beta spheromak reactor, following the HIT-SI (steady, inductive, helicity injected torus) experiment at the University of Washington (Sutherland et al., 2014). This reactor is designed to use imposed-dynamo current drive, which enables a stable spheromak configuration. Other important technologies included in the design are HTS tapes and a liquid breeding blanket. The choice to use HTS for the superconducting equilibrium coils is dictated by the need to reduce cooling power and to reduce the size of the system. Zirconium hydride (ZrH2) will be used for neutron shielding, aiming at magnet lifetime of more than 30 years. The liquid breeding blanket is made of FLiBe. The reactor has a dual chamber system where FLiBe flows and a tritium breeding ratio greater than 1.1 should be achieved. Supercritical carbon dioxide will be used as a secondary coolant to feed a Brayton cycle for energy production. Dynomak has a major radius of 3.75 m and is designed to generate a fusion power of 1953 MWth, resulting in an expected electrical power production of 1,000 MWe (Sutherland et al., 2014).
3.1.4.2 Horne technologies
The Horne technologies company is following the road of high beta, fusor-like machines [a design based on the inertial electrostatic confinement, exploiting electric fields to confine the plasma instead of magnetic fields (Miley and Murali, 2014)] combined with HTS (REBCO), for terrestrial and space purposes. The company was founded in 2008 and details on their design are not available in literature, but it claims to have achieved the first world’s superconducting, high beta plasma research device in operation and the first use of REBCO wires for plasma confinement. A second generation device has been targeted online by the company for 2022, with the aim of improving coil structures, cryogenic cooling and diagnostics, reaching a 50 keV plasma temperature and performing experiments of optimization; anyway at the present time (2023) there is no updated public information about that prototype.
3.1.4.3 Lockheed martin
The Compact Fusion Reactor (CFR) design proposed by the development program of Lockheed Martin 11 (California, United States) aims to overcome the main problems of fusion devices by operating at a high beta (ratio between plasma pressure and magnetic pressure). The confinement would be guaranteed by a combination of magnetic mirrors and cusp confinement (Freidberg, 2007) that leverages on plasma diamagnetism, generating the magnetic fields with superconductive coils. The design foresees a zero net plasma current, identified by the company as a main reason for plasma instability. Prototypes have been realized to test the plasma behaviour in such a configuration, as the T4B experiment. No timeline is available for CFR.
3.1.4.4 Princeton fusion systems
The Direct Fusion Drive (DFD) proposed by Princeton Fusion Systems 12 (United States) is a compact fusion engine for space propulsion. The goal of DFD is to enable exploration missions in the Solar System (Razin et al., 2014). The engine is designed to use D-3He fuel, exploiting a FRC to confine the plasma within a linear solenoid coil. The DFD concept is based on a direct propulsion system, in which a large fraction of the energy from the fusion reactions is directly transferred to the edge plasma ions that are then used as propellant, rather than being indirectly transferred to a propellant through the heating of the surrounding structure (Razin et al., 2014). This allows for a more efficient conversion of fusion energy into propulsion. Nevertheless, the reactor has to be specifically designed to produce the high-energy ion beam and to direct it outside the reactor, a feature that has not been addressed by fusion reactors for terrestrial applications. Waste heat from bremsstrahlung and plasma synchrotron radiation is designed to power a thermodynamic cycle that powers the auxiliary systems and the spacecraft itself. In this regard the DFD would be highly effective because it provides both propulsion and electricity production.
3.1.4.5 TAE technologies
TAE technologies 13 is one of the largest privately-funded fusion research companies, founded in 1998 and located in southern California (United States); at the present time (2023) they have online their fifth generation experimental device, C-2W (also known as “Norman”), the largest compact-toroid device in the world. The approach followed by the company is a magnetic confinement based on a FRC, coupled with a neutral beam injection system for the plasma heating and current drive. The declared final goal for what concerns the fuel is eventually to use advanced solutions like p-11B or D-3He to avoid the generation of fast neutrons and consequently reduce issues related to radiation damage and material activation. It must be noticed, however, that the fusion cross sections for such reactions are dramatically lower than the D-T one at the currently affordable plasma temperature, so that the generation and maintenance of such a fusion environment appears to be non trivial nowadays (Ongena, J., 2015). The usage of a machine-learning framework for experimental optimization and other technical improvements allowed C-2W to reach better results than his predecessor C-2U, generating plasmas sustained in steady-state for up to 30 ms, with an electron temperature Te > 500 eV (Gota et al., 2021).
3.1.4.6 Zap energy
The reactor proposed by Zap Energy 14 (United States) aims to avoid expensive and complex issues related to magnetic confinement in classical tokamaks reconsidering the Z-pinch layout [a confinement layout in which the compression of the plasma is obtained by the magnetic field generated by the plasma current itself, directed in the z-direction (Freidberg, 2007)] stabilizing the plasma column with sheared flow for a time long enough to allow fusion reactions to occur in a D-T plasma. The concept has been tested in the FuZe experiment, consisting in a 50 cm long assembly region for the pinch formation, preceded by a 100 cm coaxial plasma accelerator. The pinch formation has been observed in the deflagration discharge mode (Stepanov et al., 2020) and stability for 20 microsecond has been reached with a pinch current of 100–200 kA approaching a Te of 1 keV (McLean et al., 2017). The final reactor should be designed for a pulsed operation, generating 10 plasma pulses per second, including a breeding system for the in-plant tritium production, generating 50 MWe of electrical power in a device with a width of 3 m. Superconductive magnets are not foreseen in this design to reduce the cost, and a single zap energy power station should house many cores, exploiting modularity.
3.2 ICF
Inertial confinement fusion exploits extremely high compressions of solid targets to bring the fuel up to ignition conditions (n ∼ 1025m−3). Although some concepts exploit non-thermal acceleration of fuel ions up to suitable energies for fusion reactions, the most common approach is based on spherical pellets heated uniformly by laser beams. The energy burst ablates the outermost layer of the sphere, generating an inward shock wave that compresses the fuel, with a consequent fuel temperature increase up to 1–10 keV. The process takes place in extremely short times [image: image] and the plasma confinement is not improved by the presence of external magnetic fields. The very short confinement time is indeed traded off by the high fuel density. Key enabling technologies for IFC are high-power lasers, highly efficient lasers, and fuel pellets, even though the extension to a power plant requires an effective breeding blanket design that must suit the radically different design of ICF devices. Contributions of paramount importance for ICF advancements, including the first ignited plasma ever achieved, have been provided by the National Ignition Facility (NIF) (Bishop, 2022; Zylstra et al., 2022). Additional experimental facilities investigating ICF are OMEGA (US) (McCrory et al., 2001), and Gekko (Japan) (Shiraga et al., 2011).
3.2.1 First light fusion
First Light Fusion 15 (United Kingdom) approach to ICF exploits a high velocity projectile (instead of laser beams) to compress the fuel target to fusion conditions. The projectiles are accelerated in a gas-gun, while the target is embedded in a plastic block. Preliminary tests to validate the working principle have been performed on D-D targets during an experimental campaign that comprised 21 shots (UKAEA, 2022). Measurements from the experimental campaign provide evidence of fusion reactions taking place during the experiment. Furthermore, two machines (M3 and BGF) aimed at validating the accelerating system technology have been commissioned and built. The power plant will exploit D-T fuel and foresees a liquid metal (natural Li) first wall, and a classical thermodynamic cycle to produce electricity. Operations will take place in pulsed mode, with an expected power output of 150 MWe. No public timeline has been released by the company.
3.2.2 Marvel fusion
Marvel Fusion 16 (Germany) aims at achieving p-11B fusion reactions exploiting high energy lasers. The laser system is based on the established technology used in operating experimental facilities, such as the National Ignition Facility. However, p-11B fusion reactions require much more demanding conditions to take place. At the present time no roadmap or power plant design are available.
3.3 MTF
Magnetized target fusion combines the MCF and ICF approaches to achieve fusion reactions in a medium-density plasma [e.g., 2 ⋅ 1023cm−3 (Laberge, 2019)] at temperatures comparable to those in MCF [image: image] and confinement times in between those of ICF and MCF. Stated in another way, the MTF approach tackles the Lawson criterion by targeting both high plasma density and long confinement times. Recalling that the Lawson criterion imposes nTτE > 3 ⋅ 1021 keVs m−3 for a self-sustaining plasma, improving simultaneously n and τE results in required plasma densities and confinement times somehow less demanding than those of MCF and ICF. To first order, the working principle is based on gas compression.
Any decrease in plasma volume driven by a linear compression ratio C increases the density by C3 and temperature by C2. Therefore, even a small compression ratio can bring the plasma to ignition conditions. The presence of an external magnetic field (which is absent in ICF) confines the plasma for times long enough to produce net fusion energy. From a technological point of view, MTF does not require high energy lasers or complex magnet systems, thus resulting in simpler systems than ICF or MCF. Nevertheless, MTF is not exempt from criticality due to the complexity in integrating two different confinement approaches. Some companies are developing quite different designs based on MTF, namely, General Fusion, Helion Energy and HB11 Energy.
3.3.1 General fusion
General Fusion 17 is a company based in Canada pursuing MTF by a mechanically driven liquid metal liner. The working principle is the following: plasma is produced in a magnetized Marshall gun and injected in a cavity whose walls are made of liquid metal (Mossman et al., 2022). The liquid metal walls are kept in position by setting the liquid metal in rotation inside the reactor chamber. Mechanical pistons surround the chamber and compress the cavity in short times (∼ 100 ms). Once the compression starts, the plasma is injected into the cavity. A linear compression ratio of [image: image] along the radial direction is achieved in ∼5 ms, bringing the plasma to fusion conditions (n ∼ 1023m−3 and T ∼ 10–30 keV (O’Shea et al., 2018; Laberge, 2019). Then, the liner rebounds and is brought back to the original position, the cavity is resetted and the process can be repeated. A mechanically driven liquid metal liner presents some advantages with respect to MCF or ICF devices. A liquid metal wall solves many issues that affect solid walls, like radiation damages, failures due to repeated thermo-mechanical stresses, and no risk of breaking during the compression phase. Furthermore, the liquid metal wall works as a flux conserver, removing the need of an active magnetic stabilization system (Mossman et al., 2022). The roadmap from General Fusion foresees the development and test of the main technologies and physical processes (plasma injectors, cavity and compression, plasma compression, liquid metal and materials), followed by an integrated large scale demonstrator and a commercial system.
3.3.2 HB11
HB11 Energy 18 pursues non-thermal p-11B fusion by a combination of ultra-high acceleration of plasma blocks in a solid target and ultra-high magnetic fields (∼10 kT) by high-power lasers. The solid target is a small cylinder of hydrogen and boron placed in a capacitive coil. Two lasers are required to reach ignition conditions. A first laser hits the target, while a second laser produces the ultra-high magnetic field by interaction with the capacitor coil (Fujioka et al., 2013). Several experiments have been carried out to investigate the basic principles of non-thermal fusion (Belyaev et al., 2005), the interaction between PW-scale lasers with fuel blocks (Margarone et al., 2022) and the optimal scheme (bulk vs. pitcher-catcher) (Willingale et al., 2011), and the existence of an avalanche reaction in the fuel target (Hora et al., 2015). Direct electricity generation is foreseen by decelerating the alpha particles exploiting a high voltage spherical shell in which the target and the coil are located. No fusion power plant is planned for the near future, but a roadmap highlighting the most important steps (e.g., numerical analysis of capacitor coil magnetic field, behavior of materials under kT magnetic fields, improvement of PW-class lasers) to achieve power production from p-11B fusion reactions has been developed (Hora et al., 2017).
3.3.3 Helion energy
Helion Energy 19 is based in the U.S. and is designing FRC devices (Slough et al., 2011) as modules of an MTF reactor to produce fusion energy from D-D and D-3He reactions. The company built and tested 6 prototypes in the previous 10 years based on the IPA (Inductive Plasmoid Accelerator) design (Slough, 2009). The baseline design exploits a linear device to accelerate two FRC plasmoids against each other. The collision compresses the plasma up to fusion conditions for a short time. After the compression phase, the gasses are exhausted by means of two divertors located at the extremities of the linear device (Slough et al., 2011). A key feature of the fusion machines proposed by Helion energy is the use of D-D fuel instead of D-T fuel. The D-D reaction has indeed a lower yield of fast neutrons. Half of the D-D reactions produce a fast neutron at 2.45 MeV (and a 3He nucleus) instead of the 14 MeV neutron produced by D-T reactions. Nevertheless, the remaining D-D reactions produce tritium, which can then react with a deuteron in a D-T reaction. The 3He produced during operations is expected to be used as fuel for D-3He reactions, which produce no neutrons. In such a way, fast neutron production is minimized, but not completely avoided. A fusion power plant based on this concept could be able to produce 25 MWe (50 MWe at 2 Hz) according to the company. No timeline has been published by the company.
4 DISCUSSION
Despite the fact that this review focuses on the private sector, and that certainly private initiative and funds played a pivotal role in this revival and increase of dynamism in the nuclear fusion field, we want to stress that publicly funded research and projects are the basis on which these new opportunities stand, and that the vast majority of the people involved in these companies come from the academic world, where they built the skills that are currently employing for this commercial-oriented research. The NIF and ITER are two notable examples that contribute to advancements in nuclear fusion from distinct perspectives. The NIF has recently achieved ignition for the first time, providing a valuable scientific contribution to ICF research and demonstrating that ignition can be achieved by this confinement approach (Bishop, 2022; Zylstra et al., 2022). ITER has shed light on the many challenges that arise when large-scale science projects, based on conceptual design, are translated into real engineering systems. The lessons learnt on management, collaboration between universities and private partners, technology and knowledge transfer (Puliga et al., 2020) have been successfully implemented by some of the commercial fusion companies (e.g., those companies that were born as university spin-offs and maintained a tight collaboration with universities). In this regard, capitalizing scientific, technical, and management knowledge might be crucial for these private companies to attract and justify investments, and to provide an additional revenue stream (e.g., patents, intellectual property rights, etc.). Most of these companies show the traits of knowledge management leaders, such as the presence of knowledge champions (e.g., collaborators from universities) coupled with top management, a holistic perspective (strategic, technological, organizational), an effective communication with the public, and an attitude towards continuous learning and innovation (Skyrme and Amidon, 1997). All these features are fundamental for companies working in a field where most of the assets are still intangible.
Private companies can also benefit from public-funded research at a more fundamental level. The experience from past experiments ranges through many applications [e.g., from the Molten Salt Reactor Experiment (Haubenreich and Engel, 1970) at ORNL to the liquid lead-bismuth eutectic at ENEA (Foletti et al., 2006)], providing a solid background for different designs. Current and future experiments (e.g., those within the EUROfusion program) on materials, tritium handling, tritium extraction, etc. will tackle critical topics for the successful development of fusion energy, allowing private companies to focus on design-related issues instead of broader, fundamental topics.
In the remainder of this section we discuss topics that we deem of high interest at this stage of development of commercial fusion projects, namely, financing fusion energy (and possible synergies between public and private sectors), the geographical distribution of the companies, the technological maturity and the criticality of the designs, the timelines proposed for commercialization of fusion reactors, and the impact of fusion power plants on the energy sector.
4.1 Financial considerations
The huge investments (∼ $4.8B (FIA, 2022)—Table 1) made in the private fusion sector in the last years are just a first step towards the successful development of commercial fusion projects, considering that ∼ $4.7B (i.e., 98% of the total investment) come from the private sector (FIA, 2022). Even larger investments will be needed in the forthcoming years. Figure 4 shows a conceptual, business-oriented, collaborative model between private companies, governments and public institutions to advance fusion research, and build and operate fusion reactor demonstrators and, ultimately, FPPs (Fusion Power Plants). We exploited the 4-A framework for energy security (Availability, Accessibility, Acceptability, Affordability) proposed by the Asia Pacific Energy Research Centre to enhance energy security and sustainable development (APERC, 2007). Each block in Figure 4 represents an action that can be undertaken by the players (private companies, governments and public institutions, or both). Resource availability accounts for both natural resources and artificial resources (i.e., tritium). Governments must ensure that natural resources and tritium are available and accessible to develop critical technologies, to manufacture components and to operate the fusion reactors. Tritium reserves must be carefully assessed and monitored to guarantee that multiple prototypes/demonstrators can operate with D-T fuels. Most of the public and private investments go to R&D at this stage. This requires private companies to maintain the appeal for the investors. Although the ultimate goal is the production of electricity to the grid, private companies may apply their scientific and technological expertise (e.g., plasma physics, material science, nuclear engineering - more in general, their IP) to side markets (e.g., medical technology, robotics, superconducting technology) to get short-term returns (Alhamdan et al., 2022). Spin-offs can be created to better exploit commercially the IP rights resulting from R&D. Private companies may benefit from spin-offs by adding an additional revenue stream, while public institutions (e.g., research laboratories or universities) may benefit from a tighter coupling between research and industry, and additional funds. Additional support from governments may come from energy policies. Governments involvement have been fundamental in time-intensive and capital-intensive sectors because it can provide an insurance, and mitigate the risk, for private investments in that sector (Alhamdan et al., 2022). As the experience with nuclear fission plants demonstrates, engagement with the public and with the political spheres is mandatory to guarantee public acceptance of a technology. Communicating effectively safety-related topics to the population, and providing a basic background for decision-makers are two key actions that can be undertaken by the governments and public institutions, supported by experts from the private sector. Lastly, government agencies must establish a regulatory framework to build and operate fusion reactors.
TABLE 1 | Claimed funding for fusion companies in 2022 (FIA, 2022).
[image: Table 1][image: Figure 4]FIGURE 4 | Conceptual model for synergic collaborations between private companies, governments and public institutions. The flow diagram is based on the 4-A framework for energy security. Each block represents an action that can be undertaken by private companies (light red), governments and/or public institutions (light blue), or both (light blue/light red). The ultimate goal is to build and operate a fusion reactor demonstrator and then an FPP, but funding and R&D play a crucial role to achieve this goal.
It is clear that governments’ involvement is fundamental to keep funding public institutions (part of which collaborates with private companies), to establish a regulatory framework for fusion power plants, and to coordinate private initiatives at national and international level. The US showed its intention to develop a plan to build a pilot plant starting from the 2019 NASEM (National Academies of Sciences, Engineering and Medicine) report (NASEM, 2019), which has been followed by the 2021 consensus status report (NASEM, 2021), and by the 2022 White House summit on developing a bold vision for commercial fusion energy. The plan foresees a strong collaboration between US DOE (Department Of Energy), public institutions, and private companies, including government investments to support public-private partnerships. A similar approach based on public-private partnerships is followed by the United Kingdom, with the UKAEA collaborating with private companies (UKAEA, 2023a; UKAEA, 2023b; UKAEA, 2023c). The EU provides funding to fusion research and institutions through Horizon Europe and the Euratom Research and Training Programme. While private companies may be partner of public institutions and research centers which benefit from the funding scheme, no direct investment plans to private fusion companies are used in the EU.
4.2 Geography of fusion projects
The geography of privately funded projects is depicted in Figure 5. All the private companies are based in less than 10 countries. Figure 5 should not be interpreted as a measure of the technological (or scientific) maturity of a given country in the field of nuclear fusion. Yet, it highlights how commercial fusion is also strongly influenced by the socioeconomic context and by the inclination towards entrepreneurship of researchers and investors. This fact clearly emerges by the comparison with Figure 6. Fusion (experimental) devices, which usually belongs to public research institutions, are well widespread among rich countries. The absence of private projects in most of these countries can be related to the strong involvement of the public sector in commercial nuclear fusion projects (e.g., China), to the focus towards a single, huge international project (e.g., EU countries), or lack of political and financial interest towards commercial fusion. Furthermore, Figures 5, 6 highlight the absence of nuclear fusion projects and devices beyond rich countries. This raises questions on the accessibility of nuclear fusion technologies in developing countries. The development of commercial fusion projects is often characterized by significant investments, access to advanced technologies and experimental facilities, and the presence of a strong industrial sector to meet the demand for components and services. Many developing countries may not possess one or more of these requirements, creating a barrier for these countries to enter the commercial fusion field. However, coordination and mediation from a third party, coupled with financial resources, can effectively spread fusion technologies to countries beyond those depicted in Figure 5. This pathway has already been explored and implemented for nuclear fission power plants and has been demonstrated to be an effective means of providing access to this technology in developing countries (Omoto, 2005; Fischer et al., 2018; Alam et al., 2019).
[image: Figure 5]FIGURE 5 | Geography of private company involved in commercial fusion projects. Most of the companies are located in the US, and, more in general, in Western countries. DEMO designs have not been considered in this map.
[image: Figure 6]FIGURE 6 | Geography of public institutions involved in nuclear fusion research. Public institutions are more widespread if compare to private companies in Figure 5. Data from (IAEA, 2021).
4.3 Timeline
As a consequence of the recent revived interest and consequent blooming of start-ups and companies active in the nuclear fusion field, some of the projects listed above are extremely young (less than 5 years), with a thin structure and limited working force, whereas some have a long track record of studies and prototypes. This alone does not give an indication of the disruptive potential of a company, but the promises of extremely fast development should be weighted against this, despite all the enthusiasm. For instance, even well-established technologies may experience long delays (i.e., years) related to “conventional” issues such as construction or design changes [e.g., nuclear power plants (Alsharif and Karatas, 2016; Eash-Gates et al., 2020)]. The roadmaps proposed by private companies are in general way shorter than the ones indicated by the public research institutes [e.g., DEMO roadmap (Romanelli et al., 2012)]; on the one hand, this can be due to the need for collecting private funds, and on the nature itself of private projects. While the interest of the public research is in general on the knowledge itself, private research is focused on obtaining a commercially deliverable device as soon as possible. In a public research facility many different experiments from many different research groups must be scheduled during the operation time; while all of them are surely important for the enhancement of our comprehension on different aspects of nature, not all of them actually lead to a technical enhancement in the short period. Despite the high financial risk associated to commercial fusion at the current stage, attracting funds is inevitably much easier for private companies that target commercialization than public institutions. Moreover, large public research programmes like ITER/DEMO involve major international collaborations; different components or subsystems of the same machine must be designed and realized in different countries, involving an effort in standardization and possibly delays in the overall projects. Private companies can instead leverage on smaller teams and more effective project management and financial structures to target shorter roadmaps and sooner milestones. While private companies have benefited from the past scientific achievements, public institutions may learn alternative project management approaches from these companies. We believe it is worth noting that doubts have been expressed on these private projects from the scientific standpoint (Jassby, 2022). The absence of experimental results from private projects has been interpreted by some authors as a red flag, especially if compared to the huge investments raised for these projects. While the lack of reported experimental results is indeed true for most of the companies, which base their design on scientific concepts that, although very promising, have not yet been demonstrated for large scale devices, or strongly rely on numerical simulations, the validity of the project should not be judged by these factors alone. Nuclear fusion is a capital intensive field, and an ambitious goal such as developing and building a fusion power plant requires large investments from the very early stages of technology development (i.e., from a TRL = 1–2). The technological maturity issue is addressed in the next subsection (4.4).
4.4 Technological maturity
Within Table 2 we attempt to give an indication of the maturity of each project. It is not possible to assign a precise overall TRL value because each company focuses on several aspects each at a very different stage of advancement, and it should also be bore in mind that we rely on publicly available data, whereas on several aspects the companies have the obvious interest and necessity to not disclose details of their research. In addition to the maturity level, we also attempt to identify the technical bottlenecks of these projects that at the moment pose a limit to their development. These critical steps, if overcome, will represent a major contribution to the overall technological advancement, often with positive repercussions in other fields.
TABLE 2 | Technological maturity and main critical steps associated to each commercial fusion project.
[image: Table 2]Most of the companies are designing, building and testing proof of concepts. This is particularly true for companies relying on established physical processes and devices, such as tokamaks and stellarators. As for the pathway depicted by ITER and DEMOs, scaling up the prototypes to power plant devices will require significant effort and dedicated R&D on critical components. Possible criticalities have a different spectrum depending on the stage of the fusion project. Physics limitations might be encountered by those projects that are still validating the scientific foundations or the key technologies (e.g., HB11 Energy, Reinessance Fusion, Lockheed Martin, etc.). As the technological maturity increases, the criticalities become more specific and engineering-related. Plasma confinement for long pulses (MCF), vacuum vessel and blanket material capabilities to survive cyclical, thermomechanical stresses in a corrosive and radioactive environment (MCF), superconducting magnets lifetime (MCF and MTF), lasers power and efficiency (ICF, MTF), and shot frequency (ICF and MTF) are all engineering issues that have to be addresses and overcome to achieve a commercial fusion reactor. It is clearly premature to question the economical viability (i.e., the electricity cost) of fusion power plants, regardless of the confinement approach.
4.5 Final remarks
As a final word of caution, we would like to remind that technological and scientific progress do not follow a straight path, but rather rely on failures and mistakes to learn and improve. At this stage of great enthusiasm for fusion development it is important to be aware that between current efforts and successes and the achievement of fusion devices on the grid it is reasonable to expect a few snags and delays. A large fraction of the proposed design for on-grid fusion reactors will probably never reach the stadium of prototypes, leading to the convergence of the efforts on few solutions, according to the natural selection of technologies. The relative large number of different designs currently under investigation is probably indicative of the immaturity of the fusion in general, in particular considering that the debate is still on the more convenient physical process to exploit (e.g., MCF vs. ICF vs. MTF) and not just on engineering details. This situation can be clearly understood comparing fusion with a well-established technology like fission: while fission reactors can differ on many details, the fundamental physical processes exploited by more or less all the available facilities are the same; conversely in the first period of the human flight era, airplanes and aerostatates coexisted and it was not clear what the winning technology would have been. Also between the surviving leader solutions, the first test generation devices will probably undergo major failures in the first period of operations; while this is reasonable and historically documented for all the main technological innovations (e.g., airplanes development) it could constitute an issue in raising funds, being perceived as a tout-court failure of the research program, in particular after an aggressive advertising campaign with optimistic and bombastic claims. Lastly, the design and the business models of private companies will need to adapt to the future grid structure, which will inevitably different from the current grid structure. Some of the private projects will inevitably fail, still providing useful outcomes and insights for the advancement of nuclear fusion science and technologies. Private investments are enabling a simultaneous exploration of different options; this pathway would have never been possible to follow by public projects alone, and it should be considered an added value brought by private companies in nuclear fusion.
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FOOTNOTES
1Strictly speaking, the nucleons appearing through Eqs 1–5 are reactants. However, the fusion community often refers to those as fuel because they fuel fusion reactors. This nomenclature is used also in this work.
2The process involves a nuclear fission reaction but it is usually considered among fusion reactions.
3The reader should be aware that the Lawson Criterion here reported is derived for D-T plasmas, and it can be formulated in different ways depending on the applications (e.g., magnetic confinement fusion, inertial confinement fusion) and on the reactants.
4A non-negligible fraction of this cost increase is due to inflation. €5B in 2001 corresponds to €8.5B in 2023.
5https://cfs.energy/
6https://www.princetonstellarators.energy/
7https://renfusion.eu/
8https://www.typeoneenergy.com/
9https://www.tokamakenergy.co.uk/
10https://step.ukaea.uk/
11https://www.lockheedmartin.com/en-us/products/compact-fusion.html
12https://www.princetonfusionsystems.com/
13https://tae.com/fusion-power/
14https://www.zapenergy.com/
15https://firstlightfusion.com/
16https://marvelfusion.com/
17https://generalfusion.com/
18https://hb11.energy/
19https://www.helionenergy.com/
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