
7. Integrated DEMO design and system development?
System design and integration? Modelling and simulation

Plasma Performances

Divertor: Heat Removal Heating & Current Drive Systems
Blanket  Breeding Blanket, Heat exchange

Superconducting Magnets

Coolant System
 BoP

Is ITER sufficient?



Difference between ITER and DEMO

G. Federici et. als., “European DEMO design strategy  and consequences for materials”, Nuclear Fusion 57 (2017) 092002



DEMO Power Plant Schematic G. Federici et. als., Nuclear Fusion 57 (2017) 092002



DEMO Physics and Engineering Parameters G. Federici et. als., Nuclear Fusion 57 (2017) 092002



DEMO Design Features and Key Parameters G. Federici et. als., Nuclear Fusion 57 (2017) 092002



ARIES Studies in US

Estimated Cost of  Electricity (¢/kWh)
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ARIES-AT parameters (based on ASC systems analysis):
Major radius: 5.2 m Fusion Power 1,720 MW

Toroidal b: 9.2% Net Electric 1,000 MW

Wall Loading: 4.75 MW/m2 COE 5.5 ¢/kWh

 Directly tied to advances in physics and Technology

ARIES System Code (ASC)



PPCS in EU

PPCS (Power Plant Conceptual Study) based on PROCESS systems analysis

요소기술:    Near Far
COE:           9 €-cents/kWh 5 €-cents/kWh
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System Code Development

Input parameters

Ro

b = κ a
δu

δl

VEST KSTAR ITER K-DEMO EU DEMO1

R [m] 0.4 1.8 6.2 6.8 9.0

a [m] 0.31 0.5 2.0 2.1 2.9

elongation, κ 1.8 2.0 1.7 1.8 1.6

triangularity, δ 0.2 0.8 0.33 0.63 0.33

Ip [MA] 0.10 2.0 15.0 12.0 20.0

Bo [T] 0.1 3.5 5.3 7.4 5.9

PH [MW] 0.100 28.0 73.0 120.0 50.0

βN 4.0 5.0 1.8 4.0 2.6

li 0.6 0.7 1.0 1.0 1.0

Zeff 4.0 2.0 1.7 1.5 1.5



System Code Development

Plasma performance with operational limits

β 
<𝑝>

𝐵2/2µ𝑜
=

𝑛𝑒𝑘𝑇𝑒+𝑛𝑖𝑘𝑇𝑖

𝐵2/2µ𝑜


2𝑛𝑘𝑇

𝐵2/2µ𝑜

β[%] = β𝑁𝑙𝑖𝐼𝑃[𝑀𝐴]/𝑎[m]𝐵𝑜[𝑇]

𝑛𝐺,𝑙𝑖𝑚[10
20𝑚−3] = 𝐼𝑃[𝑀𝐴]/𝜋𝑎[𝑚]

2

< 𝑝 > = < 𝑛𝑒𝑘𝑇𝑒 + 𝑛𝑖𝑘𝑇𝑖 >
= 2𝑛𝑘𝑇 = β (𝐵𝑜

2/2µ𝑜)

𝑛[1020𝑚−3] = 𝑛𝐺 𝑛𝐺,𝑙𝑖𝑚

Tryon beta limit

Greenwald density limit 𝑘𝑇 𝑘𝑒𝑉 =
< 𝑝 >/2

16.09𝑛 1020𝑚−3

𝑊𝑡ℎ =< 1.5𝑝 > 𝑉



System Code Development

Plasma power balance

𝑃𝑓 = 𝑁𝐷𝑁𝑇(𝐵
4 /16µ𝑜

2) β2 𝐸𝑓 <σv>/𝑘2𝑇2
Fusion power and alpha heating

𝑃α = 𝑃𝑓 /5
2
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T. J. Dolan, Fusion Research, Pergamon Press, 2000 
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𝑞𝑜 = 2𝐵φ /(µ𝑜𝑗𝑜R)

𝑞𝑐𝑦𝑙 = 2π𝑎2κ𝐵φ /(µ𝑜𝐼R)



System Code Development

Plasma power balance

Radiation losses

𝑃𝐼𝑅 = 𝑛𝐼𝑛𝑒𝑅 𝑇𝑒

𝑛𝑒
2𝑆(𝑍𝑒𝑓𝑓 − 1)/7

𝑃𝑠𝑦𝑛𝑐 = 1 − 𝑟 1/2𝐵2𝑛𝑒𝑇𝑒V

𝑃𝑏𝑟 = 5.3610
− 37𝑍2𝑛𝑒𝑛𝑍𝑇𝑒

1/2 V= 5.3610
− 37𝑍𝑒𝑓𝑓 𝑛𝑒

2𝑇𝑒
1/2 V

Power balance

𝑃𝑟𝑎𝑑 = 𝑃𝑏𝑟 + 𝑃𝐼𝑅 + 𝑃𝑠𝑦𝑛𝑐

𝑃α + 𝑃𝐻 = 𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑐𝑜𝑛 + 𝑃𝑟𝑎𝑑 𝑃𝑐𝑜𝑛 =< 𝑊𝑡ℎ >/𝐸
Energy confinement time

* Trubnikov, B.A., in Reviews of Plasma Physics (Leontovich, M.A., Ed.), Vol. 7, (1979) 345. 

* Impurity radiation model, ADAS code 와 연계

G.F. Matthews et al., Nucl. Fusion 39, 19 (1999)

H. Zohm et al., Nucl. Fusion 57, 086002 (2017)
Zohm, Journal of Fusion Energy 38, 3-10(2019)



System Code Development

Plasma confinement and additional heating

𝐸 < 𝑊𝑡ℎ >/𝑃𝑐𝑜𝑛 = 𝐸𝑡ℎ
𝐸𝐿𝑀𝑦

𝐻
𝑃𝑐𝑜𝑛=< 𝑊𝑡ℎ >

/𝐸𝑡ℎ
𝐸𝐿𝑀𝑦

𝐻

2/)10/( 220 anE  Alcator scaling

τ89P-L (ms) = 48 I0.85 R1.2 a0.3 κ0.5 B0.2 A0.5 ne
−0.1 P−0.5 

Ohmic confinement

L-mode confinement

H-mode confinement

τnA (ms) =  0.09 ne q √κ a R2 neo-Alcator scaling

ITER 89P-L scaling

𝑃𝑐𝑜𝑛=< 𝑊𝑡ℎ > /𝐸

Additionally required heating

𝑃𝐻 = 𝑃𝑐𝑜𝑛 + 𝑃𝑟𝑎𝑑 - 𝑃α

* P in scaling law is defined differently in various system codes.

Ex) PROCESS : “loss power” PL, which we interpret as power 
transported out from the “core” by charged particles

𝑃𝐿 = 𝑃𝐻 + 𝑃𝑂𝐻 + 𝑃α − 𝑃𝑟𝑎𝑑



System Code Development

Reactor criteria

𝑃𝑙𝑜𝑠𝑠 = 3𝑛𝑘𝑇/ 𝐸 + 𝑃𝑟𝑎𝑑 < 𝑃𝑓/5 = 𝑛2<σv>𝐸𝑓 /20

Ignition with radiation losses specified

Lawson Criteria : Ploss < Pf/3

Ignition : Ploss < Pa

𝑃𝑙𝑜𝑠𝑠 = 3𝑛𝑘𝑇/ 𝐸 < 𝑃𝑓/3 = 𝑛2<σv>𝐸𝑓 /12

𝑛𝐷 = 𝑛𝑇 = n/2

𝑛𝑘𝑇𝐸 > 36𝑘2𝑇2/<σv>𝐸𝑓

𝐸a = 𝐸𝑓 /5

𝑃𝑙𝑜𝑠𝑠 = 3𝑛𝑘𝑇/ 𝐸 < 𝑃𝑓/5 = 𝑛2<σv>𝐸𝑓 /20

𝑛𝑘𝑇𝐸 > 60𝑘2𝑇2/<σv>𝐸𝑓



Inductive Start-up

Ohmic operation and flux consumption ΔФ𝐶𝑆 + ΔФ𝑃𝐹 = −(
ΔФ𝑟𝑒𝑠 + ΔФ𝑖𝑛𝑑)

Total flux consumptions

ΔФ𝑟𝑒𝑠 = CE µo Ip Ro

ΔФ𝑖𝑛𝑑 = Lp Ip

Ф𝑡𝑜𝑡 = ΔФ𝑟𝑒𝑠 + ΔФ𝑖𝑛𝑑 +Ф𝑏𝑢𝑟𝑛

Ф𝑏𝑢𝑟𝑛 = Vburn tburn

Lp = Le + Li = µo Ro ( ln
𝟖𝑹𝒐

𝒂
+

𝒍
𝒊

𝟐
− 𝟐)

Flux consumptions during start-up

Low aspect ratio

Vburn =Ip Rp



TF and PF Magnets

OFHC Cu

(12x12, 6)

A A

“Section A-A”

TF Coils (24ea)

PF1 Coil

87mm

2.4 m

165mm

Parameters PF1 PF2

Initial Goal Large plasma of 30 kA Small plasma of 10 kA

Volt-sec [mV-s] ~ 55 ~ 20

Required A-T [MA] 5.2 0.21

Rin / Rout [m] 0.045 / 0.063 0.08 / 0.125

Coil length [m] 2.8 0.5

Wire size [mm2] 56.0 (3.5 x 16) 56.0 (3.5 x 16)

N [#] 632 (4 x 158) 250 (10 x 25)

IPeak [kA] 7.3 0.84

Driving Circuit RLC double swing RLC double swing

R [mΩ] 68 52 each

L [mH] 1.6 3.7 each

C [mF] 200 / 1 / 500 10 / 0.2 / 50

V0 [kV] +1.0 / +1.0 / -2.0 +0.7 / +0.7 / -0.5

Max. achievable V-s 

[mV-s] @stress limit
130 545

IPeak [kA] @stress limit 27.3 14.0

BPeak [T] @stress limit 7.4 8.0

Max. sustaining time

@thermal limit (90oC)
~ 50 ms ~ 180 ms

Stress limit:

Tensile strength of Cu ~ 70 MPa

PF1 (Long

solenoid)

PF2 (Lower 

partial solenoid)

PF2 (Upper 

partial solenoid)

45mm

63mm
17.7mm

4.5mm

3.5x16 mm2

8.33kA/0.1T
 7.2kA/cm2


