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Principles of Fusion

Principle for generation of nuclear energyPrinciple for generation of fusion energy
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Confinement of Fusion
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LLNL 사진

Inertial confinement - Laser

< National Ignition Facility, Lawrence Livermore National Lab.>

NIF Hohlraum
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Magnetic confinement

 How to confine plasma of 100,000,000℃ during 1 second?

It needs container with
1,000km diameter.

Confine by magnetic fields

 Torus shape

1,000km

B
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Principles of magnetic confinement

Pressure 
of 

plasma

Gravity

Pressure 
of 

plasma

Magnetic field
Reproduce Sun on Earth

Steady state of Sun Steady state on Earth
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TOKAMAK

Transformer

Toroidalnaja kamera magnitnaja katushka
(Toroidal chamber magnetic coil)

Invented by Tamm and Sakharov in 1952
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source : Sir Chris Llewellyn Smith ,2006

Lithium 

compound

Block Diagram of a Fusion Power Plant
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KSTAR

Fusion Plasma 
Research

K-DEMO Reactor

Component Technology

Blanket Technology

Heavy
Irradiation

IFMIF
Breeding Blanket

Structure Materials

Fusion Engineering 
Research

* IFMIF: International Fusion 
Materials Irradiation Facility

TBM (Test 
Blanket Modules)

ITER

ITER & DEMO Physics 
Support Activities

Integrated System
Design and Engineering

Fusion Materials

Roadmap to Fusion Energy
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PLT

ALCATOR C

PDX DIII

TFTR

DIII-D

JET/TFTR

JET

TFTR

JT-60U

ALCATOR A

DEMO

1970 1975 1980 1985 1990 1995 2000 2005 2010

1KW
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1GW
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SNUT-79

2015 2020 2040

JET

T-3
(1968)

1965

ATC

KAIST-T

KT-1

Gap in world-class 

fusion devices

KSTAR

ITER
Conventional device

Superconducting device

Superconducting 

Magnet Device
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n
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Year

Mid-Entry strategies and construction of KSTAR
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IEA “Energy Technology Perspectives 2008” said that the renewable 

and the nuclear would be the main drivers.

IEA reports positively about the potential of fusion energy as well as 

the renewables.

IEA’s Outlook toward 2050
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Engineering challenges for fusion energy

Materials for extreme 
environments

Reliable materials under extreme 
environments for fusion

Ultra high temperature (100 million℃);

Ultra low temperature (-269℃); 

and high vacuum (1ⅹ10-8 mbar)

Long-term Confinement of 
high-performance plasma

Commercial feasibility ensured by 
enhancing energy amplification 

rate

Energy amplification rate (Q): 10 

for ITER; 30∼50   or higher for 

commercial reactor 
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Construction of KSTAR

1995
Launch of K-STAR Project

1996 ~ 1997
Basic Design and R&D

1998 ~ 2001
Engineering Design 
and Facility Construction

2002 ~ 2007

Construction of K-STAR
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Panoramic view of KSTAR

2007

2010
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Development of Plasma Facing Component

PFC coverage : 1.54 m2 PFC coverage : 11.08 m2

1st campaign (2008) 2nd campaign (2009) 3rd campaign (2010)

PFC coverage : 52.94 m2
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Long-Term Plan

Operation Phase I
2008 ~ 2012

• Superconducting 
tokamak operation

• First plasma & inductive 
current ramp (2 MA)

• Plasma shaping & 
heating 
(DN & SN, H-mode)

SC Tokamak operation

Operation Phase II
2013 ~ 2017

• Steady-state operation & 
ITER pilot device roles 
(300 s+)

• Plasma heating & non-
inductive current drive

• Instability control in 
H-mode and AT-mode

Long-pulse operation

Operation Phase III
2018 ~ 2022

• Advanced scenario for 
DEMO beyond ITER

• High-beta and high 
bootstrap current 
scenario 

• Extreme operation of the 
superconducting tokamak

High performance 
operation

Phase IV
2023 ~

• DEMO 
Engineering

• DEMO 
simulator

• Reactor 
material test

DEMO test bed

KSTAR will be operated as an international collaboratory to exploit the key scientific and 
technological issues for the ITER and attractive fusion reactor. 

► Divertor plasma (‘10)

► H-mode operation (‘11)

► Fast stabilization (‘12)

Second Campaign (‘09)

320kA
3.6sec
3.0Tesla

First Plasma (‘08)

133kA
0.25sec
1.5Tesla
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►To achieve the superconducting 
tokamak construction and operation 
experiences, and

►To develop high performance steady-
state operation physics and 
technologies that are essential for ITER 
and fusion reactor development

Major radius, R0

Minor radius, a 

Elongation, 

Triangularity, 

Plasma volume

Bootstrap Current, fbs

PFC Materials

Plasma shape

Plasma current, IP 

Toroidal field, B0 

Pulse length

N

Plasma fuel

Superconductor

Auxiliary heating /CD

Cryogenic

PARAMETERS

1.8 m

0.5 m

2.0

0.8

17.8 m3

> 0.7

C, CFC (W)

DN, SN

2.0 MA 

3.5 T

300 s

5.0

H, D

Nb3Sn, NbTi

~ 28 MW

9 kW @4.5K

Designed

1.8 m

0.5 m

2.0

0.8

17.8 m3

-

C

DN

0.5 MA

3.6 T  

7 s 

> 1.0

H, D, He

Nb3Sn, NbTi

2.0 MW

5 kW @4.5 K

Achieved

KSTAR Parameters

•Black : achieved •Red : by 2010
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(a)

21

Advanced Tokamak

Advanced

High , fbs

Long-pulse op.

Shaping (2010)

H-mode (2011)

N < 3(2012)

Current profile control (2012)

Wall stabilization (2012)

Transport barrier (2012)
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NBI-1
80 keV

1 MW, 2 s

PFC Baking & 
Cooling
200 C

Cryogenic helium supply
4.5 K, 600 g/s

vacuum pumping
ECH

84 GHz / 110 GHz
0.5 MW, 2 s

ICRH
30 ~ 60 MHz
1 MW, 300 s

KSTAR Device for 2010 Campaign
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Introduction of ITER project

The final scientific and technological feasibility of fusion power through the construction 
and operation of the ITER device which produces 500 MW of fusion power in condition 
where D-T would provide Q≥10
※ ITER : International Thermonuclear Experimental Reactor (Latin :“way”)

Objective of ITER
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ITER tokamak and status of each components

Central Solenoid (6)
(PA signed with US)

Toroidal Field Coils (18)
(PA‘s signed with EU&JA )

Poloidal Field Coils (6)
(PA‘s signed with EU&RF)

Correction Coils (18)
(PA signed with CN)

Cryostat 
(FDR Nov 2010)

Thermal Shield 
(PA signed with KO)

Vacuum Vessel 
(PA‘s signed with 
EU, KO, RF, & IN)

Blanket 
(PDR planned-
Summer 2011)

Divertor 
(PA‘s signed with EU, 

RF, and JA)

In-vessel Coils
(PDR Oct 2010)

Feeders (31)
(FDR Oct 2010)
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1.TF Super-
conductor
20.18%                                     

2. Vacuum Vessel
21.1%                                     

3. Vacuum Ports
73.5%                                     

4. Blanket 
First Wall

10.5%                                     

8. Tritium Storage & Supply 
System

88%                                     

9. Power Supply
38%                                     

5. Blanket Shield Block
10.5%                                     

10. Diagnostics
3.54%                                     

6. Assembly Tools
100%                                     

7. Thermal Shield
100%                                     

10 procurement items of the ITER Korea

26



World Green Energy Forum, Gyeongju Korea, 18 November 2010

Schematic view of KSTAR and ITER

~ 28 m

~ 24 m

~ 8.8 m

~ 8.6 m
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Digging start!
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Tokamak Hall

Power Supply

Permanent 

Office Buildings

Parkings

39 Buildings, 180 hectares

10 years of construction

20 years of operation

Present HQ Building

ITER site in Cadarache, France
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Fusion Energy Development Promotion Law(FEDPL)

 To establish a long-term and sustainable legal framework for fusion energy 

development phases

 To promote industries and institutes which participating the fusion energy 

development by supports and benefit

 The first country in the world prepared a legal foundation in fusion energy 

development

• 1995. 12 : National Fusion R&D Master Plan

• 2005. 12 : National Fusion Energy Develop. Master Plan

• 2007.   3 : Fusion Energy Development Promotion Law

• 2007.   4 : Ratification of ITER Implementation Agreement 

and entrusted to IAEA

• 2007.   8 : Framework Plan of Fusion Energy Development

 History of the FEDPL
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Governance Framework of Fusion R&D in Korea

NFRI
University R&D

center
Basic R&D and 

Human cultivation

NRCF NRF

MKE

National Fusion 
Committee

MEST

Stronghold R&D 
center

ITER KO
Donation of government

MEST
ITER
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Budget of Fusion R&D

 Seventy five percent of total fusion R&D budget in Korea account for ITER 

project.

 In US or Japan, budget of ITER project is about 10 to 30 percent of total 

fusion R&D cost. 

16,500 

36,818 

4,008 

59,000 

25,000 

550 

4,847 

79,800 

18,430 

5,000 

7,524 

152,772 

35,053 

5,000 

10,780 

0

10

20

30

40

0 10 20 30 402007 2008 2009 2010

ITER

KSTAR

Basic R&D and 
Manpower 

NFRI

Unit : million KRW

57,326 89,397 110,754 203,605
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International Trends of Fusion R&D

Theory and

Basic R&D

Construction and 

operation of Large 

Fusion Device for 

Scientific Proof

Scientific 

realization of 

Fusion

Engineering 

Feasibility

50s~60s 70s~80s 90s 21C

Fusion plasma 
theory and basic 
R&D

T-3 tokamak
invented in 1951

Small scale basic R&D

Construction and 

operation of large 

scale fusion device 

like TFTR and JET

TFTR in US : production 

of 10MW fusion energy 

in 1994

JET in EU : production of 

16MW fusion energy in 

1997

Signing of the ITER Joint 
Implement Agreement 
in 2006 
Effectuation of the ITER 
Joint Implementation 
Agreement and 
Establishment of the 
ITER organization
2007
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Fusion devices of major countries

Superconducting tokamak

tokamak

Stellarator

KSTAR (KO)

JT60U (JP)

LHD (JP)

EAST (CN)

DIII-D (US)

Tore-Supra (FR)

JET (UK)

NSTX  (US)

Alcator-C  (US)

ASDEX-U (GE)

KSTAR (KO)ITER EAST (CN)

T-10(RU) 
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Governance framework of US

YEAR LLNL LLE SNL TOTAL

‘07 12 - 2

‘08 13 - 2

‘09 14 - 3

PPPL GA PSFC ITER TOTAL

69 56 22 60 207

72 61 25 26 184

71 62 24 124 281

Department of Energy

National Nuclear Security 
Administration

Offce of Science

Defense Program Fusion Energy Sciences Program

NSTX

ITER
Sandia 

National 
Lab

NIF

Fusion Energy 
Science Advisory 

Committee

OMEGA 
60

ITERAlcator
C-Mod

General 
Atomics

DIII-D

Inertial Confinement Fusion Magnetic Confinement Fusion

(unit: M USD)

Inertial Magnetic 계

’07 489 311 800

’08 470 294 764

‘09 436 394 830

Lawrence  
Livermore 

National Lab

Laboratory 
for Laser 
Energetic
(Rochester 
University)

Princeton 
Plasma 

Physics Lab

Plasma 
Science & 

Fusion 
Center(MIT)

Z- Machine
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Governance framework of Japan

Ministry of Education, 
Culture, Sports, Science and 

Technology(MEXT)

National Institutes of 
Natural Sciences(NINS)

*Excludes JT-60U, GEKKO XII, NIFS  and JAEA

NAKA Fusion 
Institute

Japan Atomic 
Energy Agency(JAEA)

Aomori R&D 
Center

JT-60

National 
Institutes 
for Fusion 
Sciences
(NIFS)

YEAR ITER
Broad

Approach(BA)
Large Helical
Device(LHD)

TOTAL

’07 28 26 52 106

‘08 102 53 155

‘09 51 60 52 163

Osaka University

Insititute of 
Laser 

Engineering
(ILE)

GEKKO  
XII

Inertial Confinement Fusion Magnetic Confinement Fusion

(unit: 100M JPY)

Large Helical 
Device
(LHD)
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 Can / When FUSION save the Earth?

 Can : is it true?

When : when it come true?

Two point of views
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Opinion of IEA on fusion energy

source : IEA, 2010.
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Opinion of Dr. Hawking on fusion energy
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Prospect of Forbes on fusion energy

 2019

 First large scale nuclear 
fusion experiments 
commence in France.
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How to lead ITER project by KSTAR?

Basic R&D

DEMO

Construction and operation of ITER

Design Construction Operation

Decomi

ssion

Economic demonstration 

Basic R&D

Operation 
of KSTARConstruction 

of KSTAR

 Fast Track

Korea joined ITER project in  2003

1960 1980 2000 2020 2040

Global trend

Domestic trend

Magnetic confinement R&D

JT-60U achieved Q=1 in 1998

Engineering feasibility of fusion energy
500MW thermal, Q>10
plasma duration >400 seconds

핵융합에너지개발진흥법공포

National Nuclear Fusion Energy Development Plan
Commercial

Fusion 

Power 

Plant

DEMO
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Self-supporting of Nuclear power plant in Korea

-

500 

1,000 

1,500 

2,000 

2,500 

1975 1980 1985 1990 1995 2000 2005 2010

M
W

WH

Framatome

한중/한원연/CE

한중/한기/CE

두산중공업

두중/한기/CE

Kori1

kori2

Kori3

Kori4
Young-gwang1

Young-gwang2

Uljin1 Uljin2

Young-gwang 3, 4

Uljin3 Uljin4

Young-gwang5,6

Uljin5 Uljin6

CE / KAERI

CE

Doosan

Doosan/CE
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Importance

Recommendations of ADL to “Make or Buy“ fusion tech

M
a
tu

rity

Competitiveness

weak interim strong weak interim strong weak interim strong

Emergi
ng

Growin
g

Mature

weak(present) high(present) high(future)

buy

lim
ite

d
m

a
k
e make

Limited buy

make

buy

Fusion

fu
sio

n
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 Interrelation of GHG and energy sectors

 GHG emissions of each sector in Korea

 Electric vehicle, electric plane

 Prospect of power sector

 Fuel mix

 Electricity generation
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GHG emissions of each sector in Korea(2007)

565,762 

-47,447 

1,160 

38 

7,256 

2,851 

19,206 

583,670 

516,204 

366 

5 

525,430 

29,682 

24 

4 

7,256 

2,851 

19,206 

60,886 

533 

23 

18,398 

11,118 

-47,447 

-36,329 

8,758 

237 

5 

15,285 

0

10
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0 10 20 30 40 50 60 70
energytotal industry Agriculture, 

livestock
Land, 

forestry(sink)
waste

CO2

CO2 sink

CH4 (ktCH4)

N2O (ktN2O)

HFCs

PFCs

SF6

total

(unit : kilo tCO2eq.)

source : KEEI
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<Electric plane Yuneec e430>
($89,000 USD)

Is it true that electric transport mitigate GHG?

Eenrgy,  

189,810 , 37%

Manufacturing  

159,193 , 31%

Transport,  

100,216 , 19%

Mine, 

agriculture, 

etc,  66,985 , 

13%

<GHG of energy sector>
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 Fuel mix of fossil fuel still accounts for more than half percent in 2022.

Source : 4th Basic plan for supply and demand of Electricity
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Prospect of electricity generation
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 Generation of nuclear accounts for about half percent and fossil fuel more than 
forty percent.

Source : 4th Basic plan for supply and demand of Electricity
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Role of fusion power in future electricity market

 Facts about nuclear

 Renaissance of nuclear and construction cost

 Yucca Mountain

 Renewable energy

 Challenges for operating grid

Matter of frequency and density

 Which will be the competitor of fusion power?

 Global view

 Asian countries

 Target market?
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Nuclear renaissance : Nuclear cost – clouded, but rising

 Yes! It’s renaissance era for nuke! 

source : EEenrgy Informer, 2010.
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Citi’s advice to investors of nuclear

 Citigroup’s advice to private 
investors is to stay clear of the 
nuclear option until there is 
clarity in the price of carbon –
and that may be long wait.

(source : Electricity Currents, 2010.)
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Solar vs. Nuclear kWh cost comparison

source : Balckburn and Cunningham, 2010.
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Trends of nuclear power generation cost

source : Balckburn and Cunningham, 2010.
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Yucca Mountain

source : EEnergy Informer, 2010.
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source : California ISO, 2010.

RPS and challenge to operation of power grid

 As RPS(Renewable Portfolio Standard) higher in California,
operating the grid is going to become more of a challenge as wind 
and solar generation – the biggest 2 contributors with the most 
hourly and daily variations – grow over time.

 The more intermittent renewable generation will mean that the 
thermal units will have to work much harder, ramping up and 
down, with adverse consequences on their efficiency. This will also 
increase their greenhouse gas emissions since units may operate 
away from their optimum design levels.

 PV and wind generation during sunny day in California
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Competitors of fusion power?

 Load type

 Base load

 Intermediate load

 Peak load

 Which power sources can do 
‘load following’?

Intermediate

Peak load
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IEA data confirms the dawn of the Asian century

 Rapidly growing economies of Asia will dwarf tepid growth in the 
West.

source : OECD/IEA, 2010.
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GDP vs. carbon emission per capita

 We have to move left upper to achieve ‘green growth’.

 What if China and India move right and right and right?

 Fusion power must penetrate emerging countries.

G
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P
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2
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0
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S
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Carbon Emission per Capita(kg per capita)
source : OECD/IEA, 2009.
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Forecasts about fusion power

 Generation cost

 Inclusion of external cost

 CO2 emissions

 Aspect of safety, economics, fuel resources, CO2 and radwaste
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Forecasts of each generation cost
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Inclusion of external cost
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※ 출처 : JAERI, 2000

Aspect of  CO2 emission
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※ source : JAERI, 2000

Aspect of safety, economics, fuel resources, CO2 and radwaste
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Thank you!!


