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What makes the energy

future problematic?




Fossil energy completely dominates..
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Populations
Increase...
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Global energy consumption

Energy use in developmg countng; 1s Iow, but mcreasmg
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Human impact on CO, in atmosphere

Since the industrial revolution (19" century) man has burnt
enormous amounts of fossil fuel, which has changed our atmosphere

9 May 2013: reaches
level 400 ppm CO,

For 650,000 years, atmospheric CO, has never been above this line ... until now

CO2 parts per million

400,000 350,000 300,000 250,000 200,000 150,000 100,000 50,000

YEARS before today (0 = 1950)




Fossil fuels are problematic

Fossil fuels are currently being burned and lost forever

' GLOBAL WARMING due to
Upper Estimate. excessive production of
greenhouse gases from
power stations

Fossil fuels are essential in
the petrochemical and
pharmaceutical industries
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We have changed the global temperature
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Renewables (bio, wind, wave, solar, geothe}'ryll_'n'al, hydro)
BUT: AL

e Low energy density

e Intermittent; need storage systems
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Alternative with strong contrlbutlon of- renewables

At most 50% of the produced energy.is renewable year 2100.
biomass 25%

solar 11 %
wind 7%0.

50%o sustainable energy is missing!.




COMMISSION

Europe’s energy future,

ENERGY FUTURES scenarios

The role of research and technological development

EUR 22039
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EUROPEAN FUSION DEVELOPMENT AGREEMENT

Primary enerqgy supply in Europe in the high renewable case
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Europe’s energy future, scenario with
maximized renewable contribution




Regional potentials of renewables in energy supply
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Europe has
potential
for renewable
energy




European Strategic Energy
Technology Plan (SET-Plan)




B =~ Potential of technologies
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Sweden
- electricity development, total

DIAGRAM 17
TOTAL ELPRODUKTION | SVERIGE 1950-2013
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Sweden —
electricity development per source

DIAGRAM 20
UTVECKLINGEN AV OLIKA KRAFTSLAG | SVERIGE (ENERGI)
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Scandinavia —
total electricity mix

DIAGRAM 18
NORMALISERAD ELPRODUKTIONSMIX | NORDEN
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In Sweden the use of
electricity as energy carrier increases

19701980

Industri Bostader och service Transporter
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EU Energy Dependency

EU dependency on import is increasing for all fossil fuels...
Dependency on oil imports reached 83.5% in 2009 and 64.2% for gas.

EU-27 Energy import dependency

m 1990
W 2009

Total Import Coal*
dependency

Source: Eurostat May 2011- *Coal and other solid fuels




Fusion power advantages

Negligible climate effect — no emission of greenhouse gas

No long lived radioactive waste, no transports of waste

No risk for nuclear meltdown
Fusion energy is SUSTAINABLE ENERGY:

Fuel for millions of years easily accessible in....




Did you know that...




@\l EUROfusion

How shall we develop fusion

power?
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The Pinch Effect - 1940’s

Peter Thonemann and Sir George Thomson’s idea

Alan Ware, Thomson
Imperial College.

Top view




z-pinch instabilities

Z - PINCH

JAMVIKT "SAUSAGE"-
INSTABILITET INSTABILITET

= 3 = oS




1954-1958 :
a=0.48m,
R=1.5m,
T.~1,700,000°K,
te~v1ms




The Tokamak- a Soviet invention

Tokamak T-3 (1962)
R=1m,a=0,15m,B=3,8T, 1 =150 kA

Time:
1950-60

Place:
Moscow

Characteristic:
Strong magnetic field




JET - the world’s largest fusion experiment

Location:
Culham, England

European project




JET - the world’s largest fusion experiment

83./772¢C

JET
Tokamak




Question

Which alternative is true?

 JET has reached ignition




JET,
Culham,
England
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Participation in the JET
campaigns of late 2005 - 2006
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Diagnostics at JET

Divertor spectroscopy  Reciprocating 14MeV Neutron spectrometer

\‘, probe (b) ]
LIDAR Thomson scattering —, | / <> Edge LIDAR Thomson scattering
{ | 2.5MeV Time-of-flight neutron spectrometer

Fast ion and alpha-particle diagnostic
] | { | High energy neutral particle analyser
VUV and XUV spectroscopy of divertor plasma 4MieV Neutron' '

50KV lithium atom beam ! spectrometer
VUV spatial scan ;

Divertor LIDAR Thomson scattering —b> {

Fast ion and alpha-particle diagnostic —,

Reciprocating probe (a)
" 2> Neutron activation
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Demonstration in JET:
production of fusion energy

16.2 M

(World Record)
|

JET Heating
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POSSRLE JET 5
PERATION

4
’
J

CONTAINMENT FACTOR

. /
!nacce_ss:ble Reactor /
region conditions

y Qpr=t : ' _ ol I 160 1000

/
. /JT-60U® : 1 70 .
S / @ETATFTR ' TEMPIRATURE (mifion degrees.C)
@ JET./ i (o)
G DIll-DeET |
& JETe/Dlll-Deg
S / iR
S JT-60Ue Ed CODTFTR
& 1FTRe o ET® / 2
o DII-D @,
& / TFTR QpT=0.1
N 1 e Tol diahod e
JT-60 / ®DIII-D

Elf e /

® TFTR//
Reactor-relevant

conditions ADII-D

. ® TEXTOR
ALC-A A§gEX
y

y

PLTe // oPLT
T10® ///
/  OTFR
TFR#
/

BE=s -3
N

NN\
NN

N\
MN

M T L LR AR, o

-

Wiy

TFTR
(1994)

f\

iy

-
>
)
—7
(2]
7.
=
- O
- O
o
-
>
e
i
w
- R
g
| =
| O
B
| ©
I}
—
a
| =
Qo
(2]
-
C

Fusion power (

e —
~

'('ﬁ

oD-T Exp

JG98.208/14¢

I
10

Central lon temperature T; (keV)
This plot shows how, over several decades of research, the key per-
formance parameters of fusion devices (the plasma ion temperature

and the fusion triple product) have moved towards the conditions
A% v required for a reactor.




Progress in ITER like Scenario

= JET AUG 7V CMOD
" B ASDEX o JET2M  m JT60U
| AD3D + START TCV

PDX # PBXM TDEV
= 7 COMPASS

Fusion devices in the EU

make a major contribution
to the databases for ITER
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Fusion progress is comparable with other fields

J B Lister, April 2001
Rapid progres s in different high technology felds N‘I'_(

TER target of Ti=18 keV, ntau 410 ' m e mm e mmmmmmm ] n = Density

a measure of the number

; Fusion: Triple product n T tau of reactions we can have

doubles every 1.8 yedars

T = Temperature
a measure of the energy
given to the fuel particles

Alcaior Agy T = Confinement time

a measure of the thermal
insulation of the fuel

SppS

Accelerators: Energy doubles every 3 years

Moore’s Law: Transistor number doubles every 2 mrs_g

| | 1 1 1 | |
1965 1970 1975 1950 1985 1990 1995 2000 2005
Yedar




ITER - nest step towards fusion

Location:
Cadarache, France

Collaboration:
EU

China

Japan

Russia

South Korea
India

USA




History of ITER

“For the benefit of mankind "

The idea for ITER originated from the Geneva
Superpower Summit in 1985 where Gorbachev and
Reagan proposed international effort

to develop fusion energy...

... as an inexhaustible source of energy for the benefit
of mankind”.
November 21,
l 2006:
& China, Europe,
India, Japan,
Korea, the
Russian
* Federation and
the United States
of America sign
the ITER
Agreement




ITER progress

ITER represents a big step in fusion research but is in line with
the continuous progress over the years

More than double the | | High Energy /
Progress in Controlled Fusion Multiplication
Ignition

and Sustained
Burn

. { Iter\

3rd Generation
~1990-2000

Central lon Temperature (MK)

2nd Generation
~1980
1st Generation
Tokamak ~1970
Concept
Developed
1960s

1

1017 1018 107 1020 1021 1022

Fusion Triple Product - density (particles/m3) x confinement time (s) x Temperature (keV)




Comparison JET - ITER




ITER - Goals

Produce 500 MW fusion power.
(10 times more power than what is needed to run
the experiment).

u Smaller than a power station but big enough

to prove principle.
Optimize plasma physics.

n Test technology that is needed for a power station
(exception: materials).

In operation: for 20 years.




Integration - Engineering

Airbus 380: 10°
components
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ITER: 107 components




ITER - next step towards fusion

Location:
Cadarache, France

Collaboration:
EU

China

Japan

Russia

South Korea
India

USA
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Europe provides through
Fusion For Energy (http://fusionforenergy.europa.eu)

45 %o of ITE R construction costs
34 9% of operation, deactivation, decommissioning

s
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ITER
Wall sector




Experiments at JET prepare for ITER

ITER — like wall
has been installed
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ITER-Like Wall at JET

All W divertor & Be wall

Minimises risk of contamination
by carbon.

Compatibility of JET with
beryllium and tritium.




Fusion power station

Superconducting magnet

Plasma | Blanket, containing lithium,

Deuterium

Blanket . ue -
— " captures energetic neutrons

(containing
Lithium)
from the fusion reactions.

Tritium

Shielding

structure
Blanket serves two purposes:

Heat

exchanger
Separation of

Tkt and e Hot cooling water
Vacuum \ provides steam for turbines
vessel
and generators

e Neutrons and lithium
combine to tritium which,
together with deuterium,

is the fuel

Steam boiler Electric power

Turbine and generator




Fusion Power Plant operation

coolant ) Steam

- generator

i Biological
Blanket | Shield | Vacuum  Magnet |- ostat _
Vessel coils A shield

Electric
Power

Fuel
processing
plant

* %
UKAEA fusion’:
* 4 *




Development of fusion energy

10 seconds

2017-2020 500-700MW 30 minutes

2030/40 1.5-2GW days/stationary 30




Roadmap - Fast Track

Today’s Physics and Technology
'Experiments
' (JET+ smaller devices)

Numerical Tokamak
ITER

Design / Construction / Physics Studies / Tech Studies

IFMIF

International Fusion Materials Irradiation Facility
Design / Construction / Operation: priority materials other materials

DEMO

Concept Design / Detailed Design / Construction /Operation Phase 1/ Phase 2

2000 2010 2020 2030 2040




Fusion
Roadmap

Fusion Electricity - EFDA November 2012

. Plasma operation

. Heat exhaust

. Materials

. Tritium breeding

. Safety

. DEMO

. Low cost

. Stellarator

¥ Milestone

I : ®
I T g
- % WITeRQ=10 e

Inductive W ITER steady state JET
Steady state regimes

Medium Sized Tokamaks ﬁ - ’
- ’ 2 ITER
g

% WIterRQ =10 JT-605A
Baseline strategy
Advanced configuration and materials

WEagses s M

Medium Sized Tokamaks, linear plasma devices and Divertor Tokamak Test Facility (DTT) S
Early Neutron Source

g 'f:ri:s)

W7-X

EEngses N

’f VW iteRQ =10

Chinese Fusion Engineering Testing Reactor (CFETR) and Fusion Neutron Science (FNS) facility (US)

]

ITER TBM programme
Parallel Blanket Concepts

’ DEMO Fusion Electricity
: v A4

Component Design and Engineering Design  Construction  Opetion

Low capital cost and long term technologies

Stellarator optimisation Burning Plasma Stellarator

g-::.‘a'r&) G12.3561

2010 2020 2030 2040 2050

The missions to the realisation of fusion electricity



A fusion power station of the future




Fusion: safety and environmental issues

» T-fuel is radioactive (beta decay, 12 y halftime, /=S

*

o~

extremely unlikely loss of 1 kg T I—_—=
causes however only 50 mSv 1 km away; E =
evacuation not needed)

Uy

,

e Reactor walls activated (initial activity
as for fission, but within 10-100 y the
activity is 4-5 orders of magnitude lower
than that of fission)

e Disruptions can cause wall damage or
harm supraconducting magnets

e Liquid lithium, if used as coolant,
is highly reactive




Comparison - radioactivity
from fission and fusion after shutdown
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A MAST plasma

MAST - Culham, England



Frankfurt, 11. Juli 2006
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EXTRAP T2R, Alfvenlahoratoriet, KTH

Scandinavia’s only fusion experiment — a Reversed-field Pinch (RFP)
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Inertial confinement (laser fusion)




National Ignition Facility (NIF), Livermore,
CA (inertial fusion)




National Ignition Facility (NIF), Livermore,
CA (inertial fusion)
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National Ignition Facility (NIF), Livermore,
CA (inertial fusion)
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National Ignition Facility (NIF), Livermore,
CA (inertial fusion
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. pe® Distributed R&D 26 Associations
in an Integrated Programme

ountries participating in the European Fusion Programme
"® Euratom - CEA  (1958) ® Euratom - TEKES (1995)

Erance B Member States Finland (incl. Estonia)

® Euratom - ENEA (1960) ] gour;friesrassocia:’ez l: l‘l'gre ‘ :-eE|:|:(ajtom -DCU (1996)
|ta|y (inc|_ Malta) urarom .ramew ri rogramme .

® Euratom - IPP (1961) :Z?;Tfsr;isa:i.ifsamm ; ZuEsl::;tom Jleldad - ({kka,
® Eur - Hellenic Rep (1999)
Greece (incl. Cyprus)

® Euratom - IPP.CR (1999)
Czech Rep.

® Euratom - HAS (1999)
Hungary

® Euratom — MEdC (1999)
Romania

® Euratom - Univ. Latvia
Latvia

(2002)

> 3
’

Germany

® Euratom - FOM (1962)
The Netherlands

® Euratom - FZJ (1962)
Germany

® Euratom - Belgian State
Belgium (1969)
(incl. Luxembourg)

® Euratom -RISG  (1973)
Denmark

® Euratom — UKAEA (1973)
United Kingdom

® Euratom - VR (1976)
Sweden

® Euratom - Conf. Suisse
Switzerland

(1979)

@® Euratom - IPPLM (2005)
Poland

® Euratom - MHEST (2005)
Slovenia

® Euratom - CU (2007)
Slovakia

@ Euratom — INRNE (2007)
Bulgaria

® Euratom - LEI (2007)
Lithuania

® Euratom - FZK (1982)
Germany

® Euratom -CIEMAT (1986)
Spain

® Euratom - IST (1990)
Portugal




Fusion energy is needed
- and is on its way

A EF DA Cost-optimized for max 550 ppm CO, year 2100

EUROPEAN FUSION DEVELOPMENT AGREEMENT

Electricity production. Europe. Base scenario

m CCS
= Wind
Solar
50000 m Geo&Tide
m Biomass
m Hydro
Fusion
m Fission
m Oil
Gas

m Coals
2010 2020 2030 2060 2070 2080




©* EFDA

EUROPEAN FUSION DEVELOPMENT AGREEMENT

Base scenario results

Electricity production. Base scenario decs

® Wind
Solar
B Geo&Tide

H Biomass

N Hydro

Fusion

M Fission

m Oil

Gas

M Coals

2020 2040 2060 2070 2080

33% of fusion electricity in 2100. 42% of renewables. 23% of fission . 1% gas.
Coal phases out around 2060 and gas technologies reduce their share
CCS techs play a role in the mid of the century :ﬁ e o ¢
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