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1.  Introduction
1.1  Development stages of fusion energy

Fusion energy is the origin of solar power. It can be 

considered the most abundant energy source in the world. 

Therefore, fusion energy has been estimated to be a good 

candidate for an alternative to fossil fuels in about 50 years. 

That is why it has been the subject of long-term research 

throughout the world. 

Now, burning plasma will likely be realized soon in the 

International Thermonuclear Experimental Reactor (ITER) 

[1]. ITER is supposed to be the fi rst device in magnetic 

confi nement fusion systems to obtain the burning plasma, 

which is almost self-heated by fusion products, i.e., alpha 

particles. To complete the ITER project, numerous issues 

on plasma physics and engineering techniques have been 

researched. When the ITER project succeeds, fusion plasma 

and the reactor technology required for fusion power plants 

will be fundamentally demonstrated. However, it will still be 

diffi cult to clear the path to a fusion power plant from the 

ITER project alone.

The development strategy from ITER to a fully realized 

fusion power plant should be structured prudently to maximize 

the merits of the fusion energy and its potential contributions. 

In this process, the following four stages of development and 

their missions should be considered [2,3]. 
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The present study reveals forthcoming break-even conditions of tokamak plasma performance for the fusion 

energy development. The fi rst condition is the electric break-even condition, which means that the gross electric power 

generation is equal to the circulating power in a power plant. This is required for fusion energy to be recognized 

as a suitable candidate for an alternative energy source. As for the plasma performance (normalized beta value βN, 

confi nement improvement factor for H-mode HH, the ratio of plasma density to Greenwald density fnGW), the electric 

break-even condition requires the simultaneous achievement of 1.2 < βN < 2.7, 0.8 < HH, and 0.3 < fnGW < 1.1 under 

the conditions of a maximum magnetic fi eld on the TF coil Btmax = 16 T, thermal effi ciency ηe = 30%, and current 

drive power PNBI < 200 MW. It should be noted that the relatively moderate conditions of βN ~ 1.8, HH ~ 1.0, and fnGW 

~ 0.9, which correspond to the ITER reference operation parameters, have a strong potential to achieve the electric 

break-even condition. The second condition is the economic break-even condition, which is required for fusion energy 

to be selected as an alternative energy source in the energy market. By using a long-term world energy scenario, a 

break-even price for introduction of fusion energy in the year 2050 is estimated to lie between 65 mill/kWh and 135 

mill/kWh under the constraint of 550 ppm CO2 concentration in the atmosphere. In the present study, this break-even 

price is applied to the economic break-even condition. However, because this break-even price is based on the present 

energy scenario including uncertainties, the economic break-even condition discussed here should not be considered 

the suffi cient condition, but a necessary condition. Under the conditions of Btmax = 16 T, ηe = 40%, plant availability 

60%, and a radial build with/without CS coil, the economic break-even condition requires βN ~ 5.0 for 65 mill/kWh of 

lower break-even price case. Finally, the present study reveals that the demonstration of steady-state operation with βN 

~ 3.0 in the ITER project leads to the upper region of the break-even price in the present world energy scenario, which 

implies that it is necessary to improve the plasma performance beyond that of the ITER advanced plasma operation.
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 1.  The stage for demonstration of a fusion reactor op-
eration: To establish plasma physics and engineering 

techniques for steady-state operation of burning plasma 

with high energy multiplication factor. 

• high effi ciency of plasma current drive, reduction of 

heat load to the divertor plates, exhaust of helium 

ash, control to avoid plasma disruption.

• steady-state plasma operation.

• engineering techniques inevitably required for con-

tinuous energy production from a fusion reactor. 

• prospect for developing characteristics and devices 

inevitably required for a fusion reactor. 

• technologies for continuous tritium handling on a 

plant scale. 

• technologies for reliably manufacturing the large 

devices (superconductor coil, vacuum vessel, and so 

on) involved with good function as designed.

• technologies for remote maintenance.

• development of materials and systems against high 

neutron fl ux load. 

 2.  The stage for demonstration of net electric power 
generation as a power plant: To establish systems and 

technologies inevitably required for electric power gen-

eration on a plant scale. 

• steady-state plasma operation with a high energy 

multiplication factor.

• plasma performance similar to that of a commercial 

reactor, or a certain prospect for it.

• fl exible control method required for a commercial 

reactor, i.e., partial load operation, unexpected shut-

down and so on.

• an electric generation system (i.e., electric output, 

coolant temperature, system structure and so on) 

similar to that of a commercial reactor. 

• self-sustainment of tritium.

• techniques for safety, maintenance, and waste 

management and disposal to advance the economic 

performance. 

• continuous long-term operation almost similar to 

that of a commercial reactor. 

• development and applicability of materials for a 

commercial reactor.

 3.  The stage for demonstration of economic and safe 
performance: To establish the safe and economical per-

formance required for a power plant. 

 •  plasma performance and engineering design equal to 

a commercial plant.

• specifi cation of removable devices and systems to 

advance the economics of a commercial plant.

• achievement of steady-state operation with good 

economy. 

• specifi cation of merits and attraction of the fusion 

power plant. 

 4.  The stage for commercial use: To establish the attrac-

tiveness and competitiveness of fusion energy.

• good public acceptance promoted by stable, safe 

and economical operation. 

• attractive fusion power plants making the best of the 

advantages of fusion energy.

In the case of fast breeder reactor development, the 

primary development issue was the scale-up of the sodium 

cooling system. Hence, the thermal output had to be increased 

step by step. Accordingly, specifi c devices were built at each 

stage.

On the other hand, each stage in the development of the 

fusion power plant will not necessarily require the same type 

of incremental invention, because the thermal output from 

the experimental reactor such as ITER is inevitably large and 

can be gradually increased when the plasma performance 

improves. This implies that the experimental reactor has 

the potential to generate electric power similar to those of 

commercial reactors by replacing the blanket system with an 

advanced one having a higher thermal effi ciency [2]. 

For example, the Fast Track Approach recently proposed, 

aiming at early realization of the fusion power plant in the 

2030’s, suggests a road-map somewhat different from the 

usual; i.e., the second and third stages mentioned above, 

which usually correspond to the demo and proto-type reactor 

stages, would be combined into a single [4,5]. On the basis 

of this development concept, a new development strategy is 

being discussed, and would be re-constructed in Japan, EU 

and US. While the conceptual design of SSTR was proposed 

as the fi rst concept of a demonstration fusion power plant 

in Japan [6], recent discussion of development strategies in-

cluding the Fast Track Approach has given occasion for the 

proposal of new concepts for a demonstration reactor such 

as Demo-CREST [7] and, the Fusion Demo Plant study at 

JAERI [8]. 

1.2   What are forthcoming break-even condi-
tions ?
It is considered that there are three milestones toward 

the introduction of fusion energy. The fi rst one is for the 

energy production to become equal to the input energy: the 

usual break-even condition, which has been achieved [9,10]. 

The second milestone is to develop plasma performance and 

reactor technologies so as to generate gross electric power 

larger than the circulating power in a power plant: i.e., the 

electric break-even condition. Because this milestone has not 

been completed, fusion energy is not currently expected as 

an alternative energy source even in the long-term world 

energy scenario. The completion of the electric break-even 

condition is important for fusion energy to be recognized as a 

suitable candidate for an alternative energy source. The third 

milestone is to generate electric power economically enough 

to be selected as the alternative energy source: that is, the 

economic break-even condition. When the economic break-

even condition of the fusion power plant is analyzed, we have 

to compare the COE (cost of electricity) of the fusion power 

plant with that of other energy sources. Of the four stages of 

the previous subsection, the electric break-even condition falls 

between the fi rst and second, and the economic break-even 
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condition falls between the third and fourth. These two break-

even conditions correspond to forthcoming conditions.

1.3   How to clarify forthcoming break-even 
conditions ?

To clarify the electric break-even condition, the power 

fl ow analysis for a fusion power plant has to be considered. 

The method for this analysis is fi rmly established. The basic 

concept is summarized in Ref. [11,12]; the electric break-even 

condition can be systematically obtained by using a so-called 

“system analysis code” for fusion power plants.

On the other hand, it is impossible to predict precisely 

the economic break-even condition required for the introduc-

tion of fusion energy into the future world energy market, 

because the conditions for introducing an alternative energy 

source such as a fusion energy depend on the future econom-

ics of energy sources. Environmental problems and political 

policy may also be infl uences. However, we have to consider 

a target COE in fusion energy development, because this 

target of COE is required to understand the fi nal develop-

ment level of each reactor element in the fusion power plant. 

Hence, the economic break-even conditions discussed in the 

present paper should be considered as necessary conditions 

derived from a present-day understanding of the world energy 

situation; they will have to be updated accordingly. Moreover, 

it should be noted that the economic break-even conditions 

discussed here are not suffi cient conditions.

Several economic analyses on fusion power plants have 

been carried out [13-15]. For example, Okano et al. carried 

out an economic comparison of fusion power plant with other 

energy sources including future innovative technologies, e.g., 
a fast breeding reactor, a light water reactor based on uranium 

from sea water, a fossil fuel plant with CO2 control, a geo-

thermal energy plant, a wind power plant, an ocean thermal 

energy conversion plant, and a solar power plant, as shown 

in Fig. 1 [14]. This study concluded that a reasonable target 

COE for the fi rst generation of fusion reactors should be 

lower than that for a CO2-controlled fossil fuel plant, because 

the CO2-controlled fossil fuel plant will be a more feasible 

choice from an economic view point when the COE of fusion 

plants exceeds that of the CO2-controlled fossil fuel plant. 

Several similar economic analyses of fusion power plants 

have been carried; out, however, these analyses did not link 

the COE with the introduction year or the consequent share 

of fusion energy in the market.

It is important to show the required COE together with 

the introduction year, because it would be useless to develop 

a fusion power plant at a reasonable COE after another al-

ternative energy source has been introduced as the backbone 

energy source. Recently, the potential of fusion energy in a 

long-term world energy scenario has been investigated, and 

the introduction year and the consequent share for the fusion 

energy has been estimated together with the break-even COE 

[16,17]. In the present study, future uncertainties, e.g. energy 

demand scenarios and capacity utilization ratios of options in 

energy/environment technologies, are considered in several 

different world energy scenarios. This analysis was carried 

out by using a long-term world energy and environmental 

model (this model is used for IPCC post SRES activity [18]) 

and estimated that the break-even price of the fusion energy 

for introduction in the year 2050 under the constraint of 550 

ppmv CO2 concentration (twice level at the Industrial Revolu-

tion) would be in a range from 65 mill/kWh to 135 mill/kWh 

(1000 mill = 1 dollar) [17]. The width of the break-even price 

range is derived largely from uncertainties about the future 

world energy scenario. 

In the present study, we considered 2050 as the tar-

get year for introducing fusion energy, and we clarifi ed the 

following conditions by using a fusion power plant system 

analysis code (FUSAC) [3]: (1) the electric break-even condi-

tion required for fusion energy to be recognized as a suitable 

candidate of an alternative energy source, and (2) the eco-

nomic break-even condition required for fusion energy to be 

selected as an alternative energy source. The present study is 

an extension of the previous report on the electric break-even 

condition [19].

2.  Analysis Method
2.1  Outline

The requirements for tokamak plasma performance to 

achieve the electric and economic break-even conditions are 

investigated with the database derived from the FUsion power 

plant System Analysis Code (FUSAC) [3]. This system code 

is based on the CRIEPI cost assessment code (CCA code) 

[14,20], which was used to clarify βN was the most effec-

tive parameter to reduce the COE of a tokamak reactor [14]. 

FUSAC consists of three main parts. The fi rst part is a 0D 

plasma analysis program based on the ITER Physics Design 

Guidelines [21]. The second is a simple engineering design 

program to determine the shape of the TF coil, the position 

and width for the components of the tokamak reactor (blan-

kets, shields, central solenoid coils, and bucking cylinder), 

Fig. 1  Normalized COEs (COEn) and construction costs of 
various advanced power plants. COEn is normalized 
by the COE of the present-day coal plants in Japan 
[14].
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and so on. The engineering design model is based on Ref. 

[22]. The last part is an economic analysis program for the 

designed reactor based on the Generic Magnetic Fusion Reac-

tor Model (Generomak Model) [11]. FUSAC was improved 

particularly for plasma and engineering design based on the 

CCA code.

2.2  Plasma and power fl ow model
The plasma parameters are calculated according to ITER 

Physics Design Guidelines [21], and the power fl ow model 

is basically provided with the Generomak Model [11]. An 

outline of calculations of plasma and power fl ow is illustrated 

in Fig. 2, and the calculation process is briefl y described as 

follows [20]. 

 •  The main input parameters are the plasma major radius 

Rp, the aspect ratio A, the safety factor on plasma surface 

qψ, the average plasma temperature Tave, the normalized 

beta value βN, and the maximum magnetic fi eld on TF 

coils Btmax. The magnetic fi eld on magnetic axis Bt is 

calculated here.

 •  The total plasma current Ip is derived from qψ and Bt. The 

total beta value βtot (= βth + βα) is defi ned by Toroyon 

scaling [23], and its alpha component βα is estimated 

according to Ref. [21]. The plasma volume Vp and its 

surface area Sp are also calculated here.

 •  The electron and ion densities, ne and ni, are derived from 

the beta value. The fusion power density pf is estimated 

by the average plasma temperature Tave and ion density 

ni . The total fusion power Pf is also calculated in this 

step. 

 •  The bootstrap current Ibs is estimated according to Ref. 

[21] and, consequently, the driven current ICD is calcu-

lated. Confi nement properties, such as the confi nement 

improvement factor for H-mode HH, and the ratio of the 

Greenwald density fnGW are also derived here.

 •  The current drive power PNBI, the total thermal output 

Pth, and the averaged neutron wall load Pw
ave are calcu-

lated in this step. The current drive effi ciency of NBI was 

defi ned by the Mikkelsen-Singer approximation [24]. 

The total thermal output is defi ned with the neutron and 

alpha particle components of total fusion power, PN and 

Pα.

 Pth = Mn fNPN + ηαPα + ηbeamPNBI , (1)

   where Mn, fN, ηα, and ηbeam are the multiplication factor 

of neutron energy in the blankets, the covering fraction 

of the blanket for the plasma surface, the collecting rate 

for the energy of alpha particle, and the collecting rate 

for the NBI input power, respectively. In this study, fN = 

0.9, ηα = 0.7, and ηbeam = 0.7 are assumed. It is necessary 

to design the blanket so as to fi x the multiplication factor 

of neutron energy in the blankets; however, details of the 

blankets are uncertain at present. Hence, the conservative 

value Mn = 1.1 is assumed in the present study in con-

sideration of the use of solid breeders, Li2O, Li2TiO3, or 

Li2ZrO3, with 100% density at room temperature [25].

 •  The circulating power Pe
circ is estimated by the Genero-

mak Model [11], and the gross electric power Pe
gross is 

also calculated in this step. 

 •  Finally, the net electric power Pe
net is obtained.

Physical and engineering parameters are defi ned in Ref. [21] 

and Ref. [11], respectively.

This 0D model for plasma property has produced satis-

factory results in the ITER design and other reactor designs, 

when one roughly estimates the operational region for plasma 

parameters of a tokamak reactor as seen in Ref. [26]. The 

parameter ranges of the 0D system analysis are listed in Table 

1. The maximum major radius is restricted to 8.5 m, similar to 

that of ITER-FDR [27], because of the machine construction 

cost. The ranges for aspect ratio, plasma elongation, plasma 

triangularity, plasma temperature, and surface safety factor 

were selected based on experimental data and past reactor 

designs.

Of course, the 0D model cannot precisely take several 

effects into account, such as a realistic heating/current drive 

profi le, line radiation loss power localized in the edge region, 

bootstrap current fraction, advanced operation with nega-

tive shear and so on. When the operation point of a reactor 

design is selected, a detailed analysis of plasma performance 

will be additionally required with specialized analysis code 

for MHD, transport, and current drive properties. Moreover, 

the optimization of a design parameter set is not suffi cient 

Fig. 2  Calculation fl ow for plasma performance and power 
fl ow in FUSAC.
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in this parametric analysis. For example, it is necessary to 

increase the plasma elongation so as to get the clear merit 

of a low aspect ratio smaller than 3.0 [28]; however, the 

constant elongation in all aspect ratios in Table 1 is applied 

to this parametric analysis. Therefore, the results discussed in 

the present paper mainly focuse on the conventional tokamak 

region (3 ≤ A ≤ 4) in Table 1.

2.3  Guidelines for reactor technology
The demonstration plant for the realization of net electric 

power generation has to be designed with reasonably fore-

seeable conditions. In this study, the following engineering 

parameters are considered as references: thermal effi ciency 

of electric conversion ηe = 30%, NBI system effi ciency ηNBI 

= 50%, and magnetic fi eld on TF coils Btmax = 16 T. These 

reference parameters are based on the present development 

status and the ITER test blanket module plan. The maximum 

magnetic fi eld of TF coils Btmax = 13 T with Nb3Al [29] and 

the NBI system effi ciency ηNBI = 30 ~ 40% [1] are applicable 

to ITER. The thermal effi ciency of electric conversion is as-

sumed to be almost the same as that of a typical light water 

reactor, because the coolant conditions on the test breeding 

blanket proposed in the ITER program are similar to those of 

a typical light water reactor [30]. 

In addition to these parameters, three other conditions 

are considered in the present study. First, the current drive 

power PNBI is limited to 200 MW, because of the limit of 

available NBI ports and the necessity of having a small cir-

culating power. In the ITER NBI design, the injection power 

for a port is 16.5 MW [1]. If an injection power of 33.0 MW, 

twice the ITER design value, becomes possible, the total NBI 

power of 200 MW requires 6 ports, which is considered the 

maximum port number in the present paper. Of course, the 

NBI power should be as small as possible, but PNBI ~ 200 

MW is required to sustain the plasma current for conservative 

plasma performance. Second, a suffi cient space of 1.4 m 

for the blankets and shields is maintained, because a tritium 

breeding ratio larger than 1.0 (TBR ≥ 1.0) has to be securely 

achieved. Finally, the plasma current ramp-up is provided 

with the magnetic fl ux swing of the CS coils. The required 

magnetic fl ux Ψramp is defi ned as follows:

 Ψ μ  (2)

where Lp, Rp, and Ip are, respectively, the plasma inductance, 

the plasma major radius, and the plasma current with the 

Ejima coeffi cient CEjima(= 0.45) and permeability of vacuum 

μ0 [26]. 

These engineering constraints are not absolute, but will 

depend on the development of engineering elements and plas-

ma operation techniques in the future. When more advanced 

parameters are fi rmly established in the ITER program, such 

advanced parameters should, of course, be applied. The sen-

sitivity analysis for these engineering conditions is discussed 

in Sec. 3.3.

2.4  Database for plasma operational points
With extensive analyses by using the fusion power plant 

system analysis code (FUSAC), a database for about 100,000 

operational points has been constructed with the conditions 

mentioned in the previous subsection. Those data cover the 

plasma parameter ranges listed in Table 1. With this database, 

investigation of the plasma performance was carried out. 

The main elements of the database are plasma performance 

parameters (βN, HH, fnGW), plasma confi guration parameters 

(major radius Rp, aspect ratio A, plasma elongation κ, plasma 

triangularity δ ), other plasma parameters (temperature Tave, 

plasma densities ne, ni , plasma current Ip, bootstrap current 

Ibs and so on), and engineering parameters (coil shape and its 

location, fl ux supply with CS coils ΨCS, net electric power 

Pe
net, circulating power Pe

circ and so on). 

The database also contains economic parameters, such 

as the cost of electricity and the construction cost. These 

elements will be applied to the analysis of the economic 

break-even condition in Sec. 4. 

3.   Electric Break-even Condition for Practical 
Energy Source

3.1   The plasma performance required for net 
electric power and its characteristics

The normalized beta value (βN), the confi nement im-

provement factor for H-mode scaling (HH), and the ratio of 

Greenwald density limit ( fnGW) are considered the representa-

tive parameters for plasma performance. These parameters are 

defi ned as follows:

 β β  (3)

 τ τ  (4)

  (5)

where Ip, ap, Bt , and ne are the total plasma current, the 

plasma minor radius, the toroidal magnetic fi eld on the mag-

netic axis, and the averaged electron density, respectively. The 

scaling law of energy confi nement time for H-mode τE
IP

,th
B98(y,2) 

is defi ned as [31]

Major radius Rp (m)

Aspect ratio A

Plasma elongation κ
Plasma triangularity δ
Plasma temperature Tave (keV)

Plasma surface safety factor qψ

Max. magnetic fi eld Btmax (T)

Thermal effi ciency ηe (%)

NBI system effi ciency ηNBI (%)

5.5~8.5

3.0~4.0

1.5~2.0

0.35~0.45

12~20

3.0~6.0

13, 16, 19

30, 40

30, 50, 70

Table 1 The parameter ranges 0D system analysis.
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ε

τ

κ
 

(6)

where P, n̄19, Rp, M, ε, and κ are the loss power (MW), 

the line average density (1019 m–3) the plasma major radius 

(m), the fuel mass number (amu), the inverse aspect ratio, 

and the plasma elongation, respectively. The defi nition of the 

Greenwald density is [32]

 π  (7)

The requirements for a tokamak reactor to generate net elec-

tric power were investigated for these plasma performance 

parameters. 

The plasma performance parameters βN, HH, and fnGW 

required for Pe
net = 0, 400 and 1000 MW are plotted in Figs. 

3. These results assume Btmax = 16 T, ηNBI = 50%, ηe = 30%, 

PNBI ≤ 200 MW, κ =1.9 and δ = 0.45. The electric break-even 

(Pe
net = 0 MW) condition for normalized beta has a range of 

1.2 ≤ βN ≤ 2.7 as shown in Fig. 3(a1). The width of βN plots 

for each net electric power derives mainly from the major 

radius; that is, the plots for βN = 1.2 and βN = 2.7 in the case 

of Pe
net = 0 MW correspond to Rp = 8.5 m and Rp = 6.0 m, 

respectively. For Pe
net ~ 1000 MW, βN ≥ 3.0 is required.

In the present paper, the NBI power is restricted to 200 

MW. When this restriction is changed, the requirement for a 

tokamak reactor to generate net electric power will be also 

changed. The dependence of the PNBI restriction on the βN 

requirement for Pe
net = 1000 MW is shown in Fig. 3(a2). As 

the restriction of NBI power increases from PNBI ≤ 100 MW 

to PNBI ≤ 300 MW, the lower limit of operational region of 

βN is reduced from βN ~ 3.5 to βN ~ 2.8. PNBI ~ 300 MW 

may become practical in the future, but the following results 

are provided under the condition of PNBI ≤ 200 MW, because 

of the engineering consideration of the NBI port number 

discussed in Sec. 2.3. 

Regardless of the net electric power Pe
net, it should be 

noted in Fig. 3(b1) that at least HH ≥ 0.8 is required for net 

electric power generation with the restriction of PNBI ≤ 200 

MW. The operational range of Pe
net = 1000 MW apparently 

shrinks in the region of HH ≥ 1.5 in comparison with that of 

Pe
net = 0, 400 MW, because the HH operating points of Pe

net = 

1000 MW with HH ≥ 1.5, which have a large βp and a small 

plasma current, result in a larger bootstrap current than the 

total plasma current. Therefore, such operating points with a 

bootstrap current fraction greater than one are excluded in the 

present paper. When an advanced plasma is considered for a 

reactor design, e.g. as discussed in the CREST (βN ~ 5.0 and 

fbs ~ 0.8) [33], the application of the present result should be 

carefully made, because the 0D plasma model used in the 

present paper cannot precisely deal with an advanced opera-

tion with negative magnetic shear. The operational region of 

HH also depends on the PNBI restriction. The effect of the 

PNBI restriction on the HH required for Pe
net = 1000 MW 

is shown in Fig. 3(b2). According to this fi gure, the larger 

the restriction of PNBI, the lower the limit of the operational 

region for HH. 

A large fnGW is required as Pe
net becomes large as shown 

in Fig. 3(c); this tendency is similar to that of βN. The electric 

break-even (Pe
net = 0) condition is provided with the fraction 

of Greenwald density within the range of 0.3 ≤ fnGW ≤ 1.1. 

When Pe
net = 1000 MW is the target, at least fnGW ≥ 0.9 is 

required. The restriction of PNBI also affects the operational 

region of fnGW as shown in Figs. 3(a2) and (b2), but the effect 

is not seen so clearly for fnGW. 

Fig. 3  Plasma performance required for each net electric 
power Pe

net = 0, 400, 1000 MW. The upper band edge 
is for Rp = 6.0 m while the lower band edge is for Rp = 
8.5 m. (a1) the required βN for each net electric power, 
(a2) the dependence on PNBI restriction of the required 
βN for Pe

net = 1000 MW, (b1) the required HH for each 
net electric power, (b2) the dependence of PNBI restric-
tion on the required HH for Pe

net = 1000 MW, (c) the 
required fnGW for each net electric power.
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The relationships among plasma performance param-

eters, βN, HH, and fnGW are shown in Fig. 4. As shown in 

Fig. 4(a), βN and fnGW have to be increased together in order 

to increase net electric power. However, in Figs. 4(b) and 4(c), 

clear relationship does not emerge between HH and the other 

parameters, such as βN and fnGW, though, it should be noted 

that there is no operational point in the range of HH ≤ 0.8. 

Therefore, the accomplishment of HH ~ 1.0 is inevitable for 

realizing net electric power from a fusion power plant, under 

the condition of PNBI ≤ 200 MW.

According to Figs. 3 and 4, increases in both βN and fnGW 

are inevitably required to increase the net electric power, but 

HH does not have this tendency. Consequently, the net electric 

power Pe
net = 0 MW requires the simultaneous achievement 

of 1.2 ≤ βN 2.7, 0.8 ≤ HH and 0.4 ≤ fnGW ≤ 1.1, under the 

engineering conditions mentioned in Sec. 2.3. It should be 

noted that the relatively moderate plasma performance of βN 

= 1.8, HH = 1.0 and fnGW = 0.85, which corresponds to the 

ITER reference plasma performance for inductive operational 

scenario, can realize Pe
net = 0 MW and has the potential to 

obtain Pe
net < 400 MW with Rp ≤ 8.5 m. When Pe

net = 1000 

MW is the target, simultaneous achievement of βN ≥ 3.0, HH 

≥ 1.0 and fnGW ≥ 1.0 is required.

The plasma temperature Tave has an effect on the required 

plasma performance parameters, especially on fnGW as shown 

in Fig. 5, because the plasma density decreases when plasma 

temperature increases at a constant fusion power. In Fig. 5(a), 

fnGW required for Pe
net = 0 MW and 1000 MW decreases with 

increasing plasma temperature. On the other hand, in Fig. 

5(b), the normalized beta value required for net electric power 

does not have a clear dependence on the plasma temperature. 

As a result, higher plasma temperature is the key to relieving 

fnGW requirements at constant fusion power. The upper limit 

of the plasma temperature depends on the divertor conditions 

from an engineering point of view, because increasing plasma 

temperature results in excessive heat load on the divertor 

Fig. 4  The relationship between plasma performance param-
eters required for Pe

net = 0, 400, 1000 MW. The upper 
band edge is for Rp = 6.0 m while the lower band edge 
is for Rp = 8.5 m. (a) the relationship between βN and 
fnGW, (b) the relationship between fnGW and HH, (c) the 
relationship between HH and βN.

Fig. 5  The effect of average plasma temperature Tave on (a) 
fnGW and (b) βN for each net electric power Pe

net = 0, 
1000 MW. The upper band edge is for Rp = 6.0 m while 
the lower band edge is for Rp = 8.5 m.
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plates. A careful investigation of divertor conditions is needed 

to select the upper limit of the plasma temperature. When a 

plasma temperature Tave ~ 20 keV is permitted, the electric 

break-even condition is easy to achieve with fnGW < 0.5, and 

Pe
net = 1000 MW is also attainable with fnGW ~ 1.0. Generally, 

βN can be reduced by either increasing plasma elongation or 

the toroidal magnetic fi eld. The effect of plasma elongation 

on βN is shown in Fig. 6. An increase from κ = 1.5 to κ = 2.0 

results in reducing βN by about 0.5 for both the Pe
net = 0 MW 

and Pe
net = 1000 MW cases. In the system code used here, the 

plasma beta value is defi ned by β = βNIp/(apBt), and a de-

crease in the required βN is caused by the increase of plasma 

current Ip, because of the increase in plasma elongation with a 

constant surface plasma safety factor. When Pe
net = 1000 MW 

is desired, βN ≥ 3.5, which is larger than the ideal MHD beta 

limit [23], is required for the κ = 1.5 case. On the other hand, 

κ = 2.0 has the potential to obtain Pe
net = 1000 MW with βN 

≤ 3.5. From these results, κ ≥ 2.0, which has been considered 

in the recent design studies of commercial reactors such as 

CREST [33] and ARIES-AT [34], is confi rmed as a reason-

able goal for tokamak fusion plants. This issue has, however, 

a very important relationship with the engineering design, 

i.e., blanket and shield design, control coil location, and so 

on, because of the positional instability. Accordingly, careful 

consideration is required when a plasma elongation κ ~ 2.0 is 

selected in a reactor design. It should be noted that the aspect 

ratio of 3 ≤ A ≤ 4 is assumed in the present paper, and the 

upper limitation of κ is generally moderated in the region of 

a low aspect ratio.

3.2   Plasma performance diagram on Q vs. Pf 
(energy multiplication factor and fusion 
power) space

In the previous subsection, the various conditions for a 

tokamak reactor to demonstrate net electric power are inves-

tigated under engineering conditions. When the fi rst tokamak 

reactor to demonstrate net electric generation is designed, 

these results should be taken into consideration. At that time, 

one of the initial tasks will be to select the plasma major 

radius which has a suffi cient capacity to produce the target 

fusion power. Therefore, it is essential to comprehend the 

relationship between the requirement of plasma performance 

for a given fusion power and the major radius. 

Figures 7 describe the attainable region with several 

plasma performances of βN, HH, and fnGW, on Q vs. Pf (en-

ergy multiplication factor and fusion power) space for each 

major radius Rp of 8.5 m, 7.5 m, and 6.5 m. These fi gures are 

depicted under the engineering conditions of PNBI ≤ 200 MW, 

ηe = 30%, ηNBI = 50%, and Btmax = 16 T. Each fi gure consists 

Fig. 6  The dependence of κ on the required βN for each net 
electric power Pe

net = 0, 1000 MW. The upper band edge 
is for Rp = 6.0 m while the lower band edge is for Rp 
= 8.5 m.

Fig. 7  Plasma performance diagram on Q vs. Pf space for (a) 
Rp = 8.5 m, (b) Rp = 7.5 m, (c) Rp = 6.5 m. Each line of 
βN, HH, and fnGW delineate the respective attainable 
boundary. The fnGW boundary has two lines for plasma 
operation temperature Tave = 16 keV and 20 keV.
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of two plots. One is the plot for net electric power Pe
net on 

Q vs. Pf ; the other is for plasma performance parameters 

on Q vs. Pf. The former relationship is evident for the given 

engineering parameters. The latter is derived in the previous 

subsection. Simply speaking, Fig. 7 comprise superpositions 

of the above two plots. With these fi gures, a brief estimation 

of the plasma performance required for a tokamak reactor to 

generate net electric power can be made. The plasma per-

formance lines for βN, HH, and fnGW in Fig. 7 delineate the 

attainable boundaries of the respective plasma performance. 

For example, fnGW > 1.0 is always needed for the domain 

above the line of fnGW = 1.0, but not for the domain below 

line. It should be noted that the domain below the line of 

fnGW = 1.0, where all the operational points of fnGW ≤ 1.0 are 

contained, also includes operational points with fnGW ≥ 1.0. 

Similarly, the other plasma parameter lines shown in Fig. 7 

delineate respective attainable boundaries. In these fi gures, 

the operational points for each net electric power only with 

PNBI ≤ 200 MW are plotted for the engineering conditions 

discussed in Sec. 2.3.

The attainable region with Rp = 8.5 m is depicted on Q 

vs. Pf space in Fig. 7(a). This fi gure shows that a moderate 

normalized beta value of βN ~ 1.5 has the potential to achieve 

Pe
net = 0 MW with HH ~ 1.0 and fnGW ≤ 1.0. When Pe

net = 600 

MW, which corresponds to Pf ~ 3000 MW with ηe = 30%, 

is the target with Rp = 8.5 m, the required βN becomes about 

βN ~ 3.0. In Fig. 7, two attainable boundaries of fnGW are 

delineated for plasma temperatures of Tave = 16 keV and Tave = 

20 keV. In the case of Rp = 8.5 m, the condition of Greenwald 

density is more severe than in case of smaller major radius. 

Specifi cally, an electric power larger than Pe
net = 200 MW can-

not be attained with fnGW < 1.0 under the condition of Tave ≤ 

16 keV. Furthermore, it should be noted that the construction 

cost for Rp = 8.5 m is relatively high.

According to Fig. 7(b), the requirement for βN to achieve 

Pe
net ~ 0 MW with Rp = 7.5 m becomes fairly demanding, i.e., 

βN ~ 2.0. This fi gure shows that the progress of the ITER 

program as planned at present will enable achieving electric 

break-even (Pe
net = 0 MW) with a major radius Rp = 7.5 m. In 

addition, Fig. 7(b) shows that it is possible to attain Pe
net ~ 600 

MW with Pf ~ 3000 MW using βN ≤ 3.5, which is considered 

to be the ideal MHD beta limit. This plasma performance of 

βN ~ 3.5 can be examined with ITER.

In case of the Rp = 6.5 m in Fig. 7(c), the βN requirement 

for Pe
net = 0 MW with Rp = 6.5 is about βN ~ 2.5, which is 

larger than that of the ITER reference parameter. When Pf ~ 

3,000 MW is the target with Rp = 6.5 m, it is necessary to at-

tain βN > 3.5, which may require some stabilizing effects, e.g. 
using a conducting wall in the blanket. However, if it is pos-

sible, its construction cost is considered to be moderate and 

the perspective for demonstrating its economic performance 

is relatively easy to obtain. 

According to the comparison of Fig. 7, βN depends on 

the major radius Rp. The dependence of the required βN on  

Rp corresponds to the width of operational plots for βN in Fig. 

3(a1). On the other hand, the attainable boundary of HH is 

almost parallel to the restriction of PNBI, which means that the 

restriction of PNBI has a great impact on HH. Moreover, Fig. 7 

reveal that improvement in HH at a constant βN cannot always 

increase the net electric power. It is also found in Fig. 7 that 

the fnGW requirement depends on the plasma temperature. Pf 

≥ 3,000 MW cannot be attained with fnGW < 1.0 under the 

condition of Tave ≤ 16 keV. 

Taking the above results into account, we found that the 

major radius Rp ~ 7.5 m may be reasonable for early realiza-

tion of a demonstration plant, as mentioned in Sec. 1, because 

both of the electric break-even condition (βN ~ 1.8, HH ~ 1.0, 

fnGW ~ 0.9) and Pe
net ~ 600 MW condition (βN ~ 3.5, HH ~ 

1.2, fnGW ~ 1.0) can likely be investigated within the ITER 

program parameters [1]. This major radius is similar to that 

of SSTR [6], and it also corresponds to the design point of 

Demo-CREST [7]. Furthermore, Pe
net ~ 1000 MW with Rp = 

7.5 m, under the conditions of βN ~ 3.5, HH ~ 1.2, and fnGW 

~ 1.0, may become possible by replacing the blanket of ηe = 

30% with an advanced one of ηe ≥ 40%. In other words, the 

perspective of economic performance may be examined with 

a single device of Rp = 7.5 m.

Of course, the choice of the major radius for a demon-

stration reactor depends on the basic policy of the reactor 

design. In the present paper, we adopted the conservative 

engineering conditions mentioned in Sec. 2.3. Hence, a dif-

ferent policy from ours may lead to a different optimization 

as for the major radius. 

3.3  Consideration
3.3.1   About the reference engineering condi-

tions
The demonstration plant should not be always limited 

to conservative engineering conditions, e.g., ηe ~ 30%, ηNBI 

≤ 50%, and Btmax ≤ 16 T, if one assumes the development 

of suffi cient engineering technologies in addition to that of 

advanced plasma. However, it is also necessary for the dem-

onstration plant design to select actually foreseeable engineer-

ing conditions, since early construction of a demonstration 

plant just after or during the ITER program is being seriously 

considered, as the fast track approach [5]. That is why we 

emphasize conservative engineering conditions in the present 

paper. At the same time, it is essential for attractive fusion 

power plants in the future to improve the engineering condi-

tions, such as a high thermal effi ciency ηe ≥ 40% as proposed 

in the commercial plant concept of CREST [33]. In this sec-

tion, the effects of engineering conditions are investigated 

and their contributions to mitigating the plasma performance 

required for net electric generation is discussed.

3.3.2  The effect of thermal effi ciency
Improvement in thermal effi ciency for electric power 

plants is preferable for achieving net electric power genera-

tion. This issue is applicable not only to fusion power plants 

but also to other electric power plants. It is easy to show that 

improvement in thermal effi ciency mitigates the plasma per-

formance conditions required for a certain net electric power. 

In the case of a thermal effi ciency ηe = 40%, the attainable 

boundaries of each plasma performance on Q vs. Pf space 
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are delineated in Fig. 8, under the same conditions as in Fig. 

7(b). The attainable boundaries of βN and HH in Fig. 8 are 

almost the same as those in Fig. 7(b). In comparison with Fig. 

7(b), the plots of each net electric power for ηe = 40% can be 

realized with a smaller fusion power than that for ηe = 30%. 

Basically, the difference between Fig. 8 and Fig. 7(b) lies in 

the plots of each net electric power.

The electric break-even (Pe
net = 0 MW) condition for ηe 

= 40% is attainable with βN ~ 1.5 and HH ~ 1.0, which is less 

demanding than that planned for the ITER operation scenario. 

Therefore, when ηe = 40% is achieved, it will become pos-

sible to design a demonstration plant with a major radius Rp ≤ 

7.5 m. On the other hand, the net electric power of Pe
net ~ 900 

MW with ηe = 40%, which corresponds to a fusion power Pf 

= 3000 MW with Q = 35, is attainable with βN ~ 3.5 and HH 

~ 1.2. In comparison with the case of ηe = 30% of Fig. 7(b), 

the net electric power increases from 600 MW to 900 MW. 

This implies that the fi rst demonstration plant with Rp = 7.5 

m and ηe = 30% holds the promise of potentially generating a 

net electric power of Pe
net = 900 MW with βN ≤ 3.5 and HH ≤ 

1.2 by replacing the blanket. Such upgrading capability is one 

of the merits of fusion reactors and should be noted when the 

development strategy of fusion energy is discussed.

3.3.3  The effect of NBI system effi ciency
It is also important for a fusion reactor to improve the 

NBI system effi ciency for small circulating power. At present, 

the NBI system effi ciency of ηNBI = 30 ~ 40% is supposed to 

be achievable, if the ITER program is implemented as planned 

[1]. The attainable boundaries of each plasma performance 

with the same conditions as in Fig. 7(b), except ηNBI = 30%, 

are shown on Q vs. Pf space in Fig. 9. The attainable bound-

ary of each plasma performance is roughly similar to that in 

Fig. 7(b). The operational plots of each net electric power 

for a high Q value near Q ~ 50 in Fig. 9 are almost the same 

as those in Fig. 7(b). On the other hand, as the Q value 

decreases, the required fusion power for each net electric 

power increases more than that of the ηNBI = 50% case in 

Fig. 7(b), which results in an increase of the βN required for 

each net electric power. The electric break-even condition can 

not be attained with βN < 2.0, as described in Fig. 9. In other 

words, improvement in ηNBI to mitigate the βN required for 

net electric power is more important for a low-Q reactor than 

for a high Q reactor. Therefore, a high-effi ciency NBI system 

should be developed for construction of a demonstration plant 

with a small Q. Of course, the NBI system effi ciency ηNBI has 

an effect on the construction cost of a fusion power plant, and 

improvement in NBI system effi ciency is also important for a 

commercial reactor with a high Q value. 

3.3.4  Selection of high magnetic fi eld
Selection of a high magnetic fi eld in reactor design is 

one of the reasonable ways to improve economic performance 

as seen in the design concept of A-SSTR2 [35]. The effect of 

increasing Btmax from 13 T to 19 T on the normalized beta 

value βN for respective Pe
net is shown in Fig. 10. In the case 

of Btmax = 13 T, the operational region of Pe
net = 0 MW for βN 

≤ 1.8, which corresponds to the ITER reference parameter, is 

narrow. Altogether, a reactor design with Btmax = 13 T and βN 

~ 1.8 requires a relatively large major radius Rp ≥ 8.0 m for 

net electric power; such a large reactor size seems unattractive 

in terms of its economic performance as an electric power 

Fig. 8  Plasma performance diagram on Q vs. Pf space for Rp 
= 7.5 m with the same conditions as Fig. 7(b) except 
thermal effi ciency ηe = 40%.

Fig. 9  Plasma performance diagram on Q vs. Pf space for Rp 
= 7.5 m with the same conditions as Fig. 7(b) except 
NBI system effi ciency ηNBI = 30%.

Fig. 10  The effect of Btmax on the required βN for each net 
electric power Pe

net = 0, 400, and 1,000 MW.  The up-
per band edge is for Rp = 6.0 m while the lower band 
edge is for Rp = 8.5 m.
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plant. In addition, the operational region of Pe
net = 1000 MW 

is not achievable under the condition of the ideal MHD beta 

limit, βN ≤ 3.5. 

With the increase of Btmax from 13 T to 19 T, the mini-

mum value for βN is reduced by about 1.0. While the opera-

tional regions for Pe
net = 0, 400, and 1000 MW shrink in the 

part of large βN. In the present study, a bucking cylinder 

and CS coils are located within the central torus region and 

an additional torus space of 1.4 m is kept to accommodate 

blanket and shield installation. The reason for the shrinking 

operational region in the case of Btmax = 19 T is that magnetic 

stress on TF, CS, and the bucking cylinder becomes too large 

to ensure the torus space for these structures with a major 

radius Rp ≤ 7.5. Consequently, the operation region for each 

Pe
net for Btmax = 19 T becomes narrow in comparison with 

the case of Btmax = 13 T. Therefore, the selection of a high 

magnetic fi eld requires a sophisticated radial build adopting 

advanced techniques in the central torus region. For example, 

if the technique of current ramp-up without CS coils, which 

was recently investigated in JT-60U [36], is fi rmly established 

in the ITER program, a reactor with high magnetic fi eld such 

as Btmax ~ 20 T may become a practical candidate for a dem-

onstration plant and a commercial plant. 

3.3.5  The condition of blanket design
The averaged neutron wall loads Pw

ave for Pe
net = 0, 400, 

and 1000 MW are shown in Fig. 11. This fi gure is under 

the same conditions as in Figs. 3. The width of each Pe
net is 

mainly caused by the plasma major radius. The minimum plot 

of Pw
ave in each Pe

net corresponds to the plasma major radius of 

Rp ~ 8.5 m. Similarly, the maximum values correspond to Rp 

~ 6.0 m. This fi gure implies requirements for the materials of 

the fi rst wall and the tritium breeding ratio (TBR). When Pf ~ 

3,000 MW is the target, material for the fi rst wall sustaining 

an average neutron wall load 1.0 MW/m2 ≤ Pw
ave ≤ 3.5 MW/m2 

is required. TBR ≥ 1.0, which has to be surely demonstrated 

in the demonstration plant after ITER, is essential for a fusion 

power plant. This fi gure also implies the design condition of 

the neutron wall load for the breeding blanket for each net 

electric power level. 

According to this fi gure, when a demonstration plant 

with Pf = 3000 MW and Rp = 7.5 m proposed in Sec. 2.3 are 

the target, Pw
ave should be about 2.0 MW/m2. This Pw

ave ~ 2.0 

MW/m2 is not as severe as Pw
ave ~ 4.5 MW/m2 seen in CREST 

[33], both for the materials of the fi rst wall and for TBR. 

4.   Economic Break-even Condition as a Nec-
essary Condition

4.1   Economic analysis model for fusion 
power plant

In the present study, the costs of all elemental devices 

in a fusion plant are calculated by multiplying a unit cost per 

weight constant. This calculation method is widely admitted 

and used in cost studies. It is considered that the cost will 

depend largely on the volume or weight of components at the 

time when the required processing techniques for building 

fusion components have matured. Costs of all the other equip-

ment are calculated by nonlinear scaling to a standard cost 

value either by volume or by power. The COE is calculated 

from the following equation [12,37]:

  (8)

The annual capital cost Cac is calculated by multiplying the 

direct cost and factors such as an indirect cost multiplier, a 

capitalization factor, and a fi xed charge rate. The annual main-

tenance cost Com is calculated as a fraction of the value of 

the direct capical cost. The annual fuel cost Cfuel is calculated 

as a value proportional to the plant availability. Cdis and Cdec 

represent the cost of disposal and the cost of decommission, 

respectively.

This cost analysis model is installed into the system 

analysis code FUSAC, and economic performance parameters 

(COE, construction cost, and so on), are also calculated in the 

database mentioned in subsection 2.4. This database is also 

applied to the analysis of the economic break-even condi-

tion.

4.2   Economic break-even condition in a 
world energy scenario

The typical value of the economic break-even condi-

tion is considered as the break-even price for introduction of 

fusion energy into the long-term world energy scenario, as 

introduced in Sec. 1. Considering future uncertainties, e.g. 

energy demand scenarios and capacity utilization ratio of 

options in energy/environment technologies, some of authors 

have advanced an analysis for the break-even price of fusion 

energy using a long-term world energy and environmental 

model (this model is used for IPCC post SRES activity [18]), 

and estimate that the break-even price of the fusion energy 

for introduction in the year 2050 under the constraint of 550 

ppm CO2 concentration (twice the level during the Indus-

trial Revolution) is in the range from 65 mill/kWh to 135 

mill/kWh as shown in Fig. 12 [17]. If the cost of electricity 

Fig. 11  Pw
ave and Pf for each net electric power Pe

net under the 
same conditions as in Figs. 3. The upper band edge 
is for Rp = 6.0 m while the lower band edge is for Rp 
= 8.5 m.



914

Journal of Plasma and Fusion Research　Vol.81, No.11　November 2005

(COE) for fusion energy can achieve the lowest break-even 

price of this range, i.e. 65 mill/kWh in 2050, as a result of 

smooth introduction of the fusion energy, a 20% share of all 

produced electricity in 2100 can be expected to be supplied by 

fusion energy, as shown in Fig. 13. This range of the break-

even price is estimated under plant availability of 60% for 

the fi rst fusion power plant. This availability is low because 

unexpected outages of operation can be expected for the fi rst 

fusion power plant. Of course, annual cost reduction of COE 

for 25 years after the fi rst introduction is assumed because of 

improving plant availability, operation cost and so on.

 Electricity by fusion energy in 2100 decreases with 

delay of the introduction year. For example, pushing back the 

introduction of fusion energy to 2070 will result in its having 

only about 4% share in 2100. The earlier the introduction 

of fusion energy, the more important the role in the long-

term world energy scenario that fusion energy will play in 

2100. The concentration of CO2 in the atmosphere has been 

recognized as a critical environmental issue to date, and CO2 

emission has to be decreased by the year 2050, so as to keep 

the CO2 level at 550 ppm (less than twice its level during the 

Industrial Revolution) by the year 2100 [18]. Fusion energy 

has the potential to reduce CO2 emissions [38], and when 

its introduction in 2050 is realized, fusion energy can also 

contribute to keeping the CO2 level in 2100 at 550 ppm or 

below. The key point for maximizing the role of fusion energy 

is how early fusion energy will be ready for electric power 

generation at a COE lower than the break-even price. Delayed 

introduction at a lower cost is not effective for maximizing the 

role of fusion energy. Hence, early demonstration of electric 

power generation on a plant scale is also important. That is 

why we chose the year 2050 as the target year for introducing 

fusion energy into the energy market.

4.3   Plasma performance required to achieve 
the economic break-even condition

The database constructed by FUSAC is also applied to 

this parametric analysis to clarify the plasma performance 

required to achieve a 2050 break-even price in the range of 65 

mill/kWh to 135 mill/kWh. The result of the economic break-

even condition for a tokamak fusion power plant with Btmax = 

16 T, Pe
net = 1000 MW and plant availability of 60% is shown 

in Fig. 14. Each operational space in Fig. 14 is composed 

Fig. 13  Nuclear fusion's share of electricity assuming a 550 
ppmv CO2-concentration constraint. A break-even 
price of 65 mill/kWh is assumed for the nuclear fu-
sion [17].

Fig. 14  (a) Normalized beta value βN vs. COE for 16 T with 
the break-even price of fusion energy. The broken 
line shows the extension without CS coils (CS-less). 
(b) Confi nement improvement factor HH vs. COE for 
16 T with the break-even price of the fusion energy.

Fig. 12  Break-even price as a function of nuclear fusion intro-
duction year for the CO2-constraint case (550 ppmv) 
and the no-CO2-constraint case (business-as-usual, 
BAU case) [17].

(a)

(b)
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of the plots for possible operation points. Those operational 

points are calculated under the same conditions as in the 

previous section except: (1) thermal effi ciency ηe = 40%; and 

(2) the feasibility of a simplifi ed radial build without CS coils 

(for which full non-inductive current ramp up is required). In 

the present study, when there is not suffi cient space to locate 

the CS coils with the same Btmax and coil current density Jtfc as 

the TF coil, the radial build is designed without CS coils. 

Note that to achieve the most severe case of the break-

even price 65 mill/kWh, βN > 5.0 with smaller major radius 

Rp < 6.0 m is required. As shown in Fig. 14, a simplifi ed 

radial build without a CS coil (CS-less region) is required 

to attain the lower boundary of COE with 5.5 m < Rp < 6.5 

m. This is because the current densities of TF and CS coils 

are not large enough to make suffi cient space for a CS coil 

in the central torus region. In this result, the overall current 

density of the TF coil is Jtfc ~ 10 MA/m2, which is almost the 

same as in the ITER design [27]. On the other hand, βN more 

than 2.5 has the potential to achieve the upper region of the 

break-even price (~ 135 mill/kWh) in the long-term world 

energy scenario, while this βN is not suffi cient to guarantee 

the economic break-even condition. This βN value is supposed 

to be attainable by the ITER advanced plasma performance 

aiming at steady-state operation [1], which implies that the 

completion of ITER advanced plasma with βN ~ 3.0 may lead 

to the possibility of introducing the fusion energy in the world 

energy scenario. 

Figure 14(b) shows the HH region required to achieve 

the break-even price. The higher the HH, the lower the COE 

because high HH reduces the cost for the current drive sys-

tem. However, in contrast with βN, the required HH region 

is almost the same through the range of 5.5 m < Rp < 8.5 m. 

The most important suggestion in this fi gure is that there is 

no path with HH < 0.9 to introduction of the tokamak fusion 

reactor into the long-term world energy scenario. The fnGW 

required to achieve the break-even price (not shown) has no 

clear dependence on COE. This is mainly because both the 

required density and the density are decreased as the major 

radius increases under the condition of almost the same fusion 

power Pf. 

Figure 15 shows the dependence of Btmax on COE in case 

of 5.5 m < Rp < 6.5 m. These data reveal that an increase of 

Btmax is very effective for a decrease of the required βN under 

the condition of including a CS-less radial build. On the other 

hand, increasing Btmax increases the lowest limit of COE under 

the condition of the same critical current density: Due to the 

increase of the coil volume or device size, the lower limit of 

the COE range of 19 T increases up to 90 mill/kWh. To get 

the merit of a high magnetic fi eld, the current density of the 

superconducting coils also has to be improved. When TF coil 

current density of about 20 MA/m2 is feasible at the same 

cost as a 10 MA/m2 coil, the merit of the high magnetic fi eld 

is clearly obtained; that is, the decrease of required βN with 

the same COE as 13 T is possible, as shown in Fig. 15. For 

example, use of a high-temperature super conductor at a low 

temperature is effective at increasing the current density of 

TF coils. When advanced plasma with βN ~ 5.0 is possible, 

a super conductor of 13 T is almost suffi cient to achieve 

the lower region of the break-even price (65 mill/kWh). The 

design for the commercial plant CREST [33], where Rp = 5.4 

m, ηe = 41%, Btmax = 13 T, is near the break-even price of 65 

mill/kWh.

5.  Summary
Forthcoming break-even conditions of tokamak plasma 

performance in fusion energy development are analyzed. In 

this analysis, an aspect ratio of 3.0 ≤ A ≤ 4.0 (i.e., the con-

ventional tokamak confi guration) is used. We consider 2050 

the target year for introducing fusion energy, and we clarify 

the following conditions: (1) the electric break-even condition 

required for fusion energy to be recognized as a suitable can-

didate for an alternative energy source, and (2) the economic 

break-even condition required for fusion energy to be selected 

as an alternative energy source in the world energy scenario. 

The electric break-even condition requires the simultaneous 

achievement of 1.2 < βN < 2.7, 0.8 < HH, and 0.3 < fnGW < 

1.1 under the condition of Btmax = 16 T, ηe = 30%, and PNBI 

< 200 MW. It should be noted that the relatively moderate 

conditions of βN ~ 1.8, HH ~ 1.0, and fnGW ~ 0.9, which 

correspond to the ITER reference operation parameters, have 

a strong potential to achieve the electric break-even condi-

tion. The economic break-even condition requires βN ~ 5.0 

for the lower break-even price (65 mill/kWh) case under the 

conditions of Btmax = 16 T, ηe = 40%, plant availability 60%, 

and feasibility of a simplifi ed radial build without a CS coil. 

The demonstration of steady-state operation with βN ~ 3.0 in 

the ITER project leads to achievement of the upper region of 

break-even price in the world energy scenario. This implies 

that it is necessary to improve the plasma performance beyond 

the ITER advanced plasma operation in order to achieve the 

lower break-even price. This βN requirement will be somewhat 

mitigated with higher Btmax; however, the current densities of 

Fig. 15  Dependence of Btmax on COE for 5.5 m ≤ Rp ≤ 6.5 
m and Jtfc ~ 10 MW/m2 of TF and CS coils. The COE 
region for 19 T with Jtfc ~ 20 MW/m2 is also shown. 
The CREST design point is located in the lower limit 
of the 13 T case.
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TF and CS coils have to be simultaneously improved to obtain 

the clear merit of a higher magnetic fi eld. 
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