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PREFACE

Nuclear power was proven to lam economical source of electricity in my previous book,

APl anning of opti mal thepanneduse Sfyuslearepoveeowabmited we v er |,
to 2%% of electricity generation in 2050 ¢suse the uranium resources estimatede limited.

Forthis book the uranium resources have heegvaluated and use of nuclear power could peak

in 2075 by generating4% of electricity of the worldThereafter tie nuclear share woultrop to

25% by 2100, by whicltherenavable sources would generate majority of electricity

Nuclear power is needed as an intermediate source of energy to solve the greenhouse gas
problem.According to energy models done the author of thidbook, the temperature rise can

be limited to about 2C by 2100. To achieve this target all possible,@®e energy
technologies should be exploited: both nuclear and renewable energy sources.

There aranany industrial countries thaan generate mosf electricityby using nuclear power.
One of them is Finland, which is becoming one of the largest producexsclefar power per
capita Finland has four reactors in operation, one reactor under constructicanaiter two
reactors haw receiveda license fromthe parliament in 2010Thus in about 2020 there will be
seven operating reactors in a country with five million people.

It has been a pleasurelzding one of the engineers, who were designindiitste=innish nuclear

plants wih many fine colleagueas the Atomic Power Project Group between trears 197680.

Since then we have made designs of Lovdsplant, which concepbf which was actually
constructed in Tianwan in ChinaThe Tianwan cogept was the first design to usiee core

catcher in reality, because it was a requirement of the Finnish safety standards. The second core
catcher will be built inthe Olkiluoto-3 nuclear plant in Finland.

TheFinnish experience of building several nuclear plants accorditigetatest safety standards
could be used also in other countriewill try to presentmy vision of anuclear futurdrom the
point of view of an old chief design engineer. In my opinionghsrstill much to be changed in
order for thenew plants to be mereconomickand safe. Currenight water technology can still
be used, but the manufadhg of the plants should be donsing more prefabricated moduies
their construction

August2011

Asko Vuorinen
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1 INTRODUCTION

1.1 The smallest particles

In 420 BC theGreek philosopheteucippus and his studenDemocritus (460370 BC)
explained thatnatter can be divided o smallest partsatoms An atom is a particlso small
that it cannot be seen. The wdlaom" comes from the Greek word "atomos", which means
"indivisible".

This theory ha lasted for two thousand years until an English chemist and physidkn
Dalton (17661844) developed his atomic theory. He found that there are different #tems
have adifferent abmic weight. In September 1803 he listegtnty atomic weigts, in relationto
theweight of hydrogen:

Hydrogen 1 Lime 23 Copper 56
Azote 5 Soda 28 Lead 95
Carbonate 5 Potash 42 Silver 100
Oxygen 7 Strontites 46 Platina 100
Phosphorus 9 Barytes 68 Gold 140
Sulphur 13 Iron 38 Mercury 167
Magnesia 20 Zinc 56

In his Law of Multiple Proportion®alton said that 1) there are as many types of atoms as there
are diferent materials. 2dtoms cannot be dividedtonsmallerparticles, and 3) molecules can be
formed by combining atomdHe defined water by combinirgydrogen and oxygen as OH (the
correctformula is HO).

The Russian scientidDmitri Mendelej ev (18341 1907) classifiecatomsin ascending according
to their atomicnumber Z from one to 90at theUniversity of Saint Petersburg in 1869ater on

this number was found to correspond to the nurobgrotons in each atom. Thugdrogen has
one proton and its atomic numbeZ = 1 etc.He found that the chemical pragies d atoms are

repeating after 1&nd thus made his periodic tables whitd eighteercolumms. The noble
gases 2 heliuni,8 argon, 36 krypton, 54exon and 86 radon formed the eighteaadumn.

Mendelieww s t hhelmed chenssts to calculate massge several red@ions between different
atoms. The brning of coal means combining carbon (C) wattygen (Q). The result idheat and
CO,. Thus the chemical energy receiveddoyningcoal could be explained in theory.
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In 1896Henry Becquerel (1852 1908 found that there was something else invollée.was a
professor of physics at theniversity of Paris and was interesteth the phosphoresce of
different materials. He found that uranium salt wasstantly emitting green light when exposed
to a photographic pta. He called this phenomenon thatural radiation of uranium. He
thought that the radiation was the same typetest Wilhelm Réntgen (1845 1923) hadcreated
by X-rays.

Becquerel found thatatural radiation could be deflected in étmcand magnetic fieldsand %
rays could not. Later on the unit of natural radiation was named afterOm@& Becquerel
corresponds to the radiation of one change per secdhd (s

Polish bornMarie Sclodowska-Curie (1867 193) and her futur&renchhusbandierre Curie
(1859 1906)were students of Becquer®llarie wanted to study the natural radiation digered

by Becquereland make hedocbral thesis orhim. Marie started studying uranium ore, from
which liquid uranium salt and wastuld be seprated Shethen foundthat the uranium itself
was not active, Wt the waste fronthe liquid was. The waste contained copper, arsenic, nickel,
iron and several other metals, but they #thauot be active. But some unknown material
remained that was highbctive. Whemmeasuring this radiation, Marie Curie started to call this
radiation phenomenamadioactivity .

Eventuallyshe couldseparate the new material ths the actual source of radiation. She called
this new materiaFadium. She foun that actuallythe radiation ofradium was 10000 times
higher thartheradiation ofpure uranium. Fohis inventions Becquergigether with Marie and
Pierre Curieshared the Nobel Pean Physics in 1903

No one could understand the radiation at thtime. Henry Becquerelused to hold some
milligrams of adium in his pocket, angot his skinburned by the radiatioLater onradiation
was found useful irnthe medical treatment of cancer patiensnd the demand ofadium
skyrocketed.

Additionally, Pierre Curie founthat the one gram afadium alsoemitted 136 calories of heat
energyin one hour (1192 kcal/yearA remakable discovery was thaeadium was not losingny
of its weight. Thus a new source of energy was found. This wak mace than burning one
gram of coal, which releases 6 kcal of heat altogether.

The next big dicovery in the research @ftoms was made by auclear physicistErnest
Rutherford (1871 New Zealand937), professor at th&cGilly University in Canada and his
assistanfredrik Soddy(18771956)

Rutherfordwas studyingradiation in magnetic fiekland out found thatpart of the radiatio
deflected. He gave the positive particlig®e name alpha particles. The negative particles
deflected inthe opposite directionand he called therbeta particles. Finally, he found that
some part of the radiation did not deflect atadd he called thigamma radiation.
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Rutherfordfound that the alphparticles were actually positilyecharged heliuratons that had

a charge twoThe alpha patrticles could be stopped Ipiexe of paper or clothing, whereas the
beta particles could go througim aluminum platethat was several millimeters itk. Gamma
radiation was the strongestcould go through any maial and several ten centimeterdklead
plated were needed to stape radiation.

The next big thing which was found by Rutherford was allaation, where the alphans
were changing to helium atoms. He found that half of the ions were changimgeé days and
19 minutes. The again half of the remaining ions changéd the same time. The question
remained what was the explanation flois. This wa the first time in history that someohas
found in practice that awriginal substance was chang into amother. The dream othe
alchemists was nearimgality.

Rut her f or dHéns Geggerd8821048)mat theJniversity of Manchester was given a
task to calculatbow many alphgoarticles went through in a givgreriodof time. Geiger hat the
idea to put a metal plate in an isolated bottle tarlacea metal wireabove it. If he gavéhem a
voltage difference, then the particles would cause a current between the plite airé. Sche
could count the number of particlgeing through. ld createdaregistering device thamitted a
visible sound ach time the particle passed tloisunter. Thudor the firsttime in history one
could hear the voice coming from a singl®@m. So he had creatéue Geiger counter, or the
GeigerMuller counter(with improvements made Biyalther Miller (1905 1979)in 1928.

In 1909 ly bombinga cold plate by positive alphparticles Rutherford and his team members
Hans Geiger an&rnest Marsden (18891970) found hhat not all of the ions digo through the
gold plate but deflected from itThus they concluded thatoms havea positively charged
nucleusthatcould reflect the positivg charged alph#ons. Rutherford could then calete that
the probability of refration was abou1/100 000 andhat the radiu®f the nucleus was about
1/100 000 of the radius of the atom. He concluded that the rest was empty space.

The theories of Rutherford were further develdy his Danistborn pupil Nils Bohr (1885
1962) who concluded that the nucleus is surroundedhdryativdy charged electrons that are
rotating in circles o the outer surface of the atoms like planets. The electrenadalitionally
rotating aroundhemselves like the earth rotammsce each day. This planetanpdel of atoms
has been named tiRutherford -Bohr atomic model

Additionally it was found that the nucleus consists of poditiebargedprotons and neutrally
chargedneutrons. The atomic weight was determined as the total number of protons and
neutrons in the atom. Thus for example hydrogemms have one proton and one electron and
theatomic weight of 1. Helium atoms have two protons, two neutrons and two electroiie and
atomic weight of 4.
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The neutron was actually discovered in 1932ligne Curie (189%#1956) and hehusband
Frederic Joliot (19001958). They were boming beryllium and boron atoms with alpha
particles and found that thcaused unknown radiation that was not electrically charged. At first
they thoughthat itwas gamma radiation, but then tHewyndout that it could deomething that
gammaradiation did not dorelease protons from paraffin. Thus the neutral partnedatron was
discovered.

During the same yean English born doctatames Chadwick(1891:1974) could show that the
mass of the neutron was the same as the mahks pfoton. Some sourcesiy that it was James
Chadwickwho actually discoveredeutrons. Later on in 1950could be evaluated that neoris
can be divided to haparticlesand protons. The understanding of atoms w@agdete enough
to startnuclear energy studies.

1.2 Theories of nuclear energy

Albert Einstein (1897 Germami955)discovered that energy and mass can be described by his
equation E= mt He was a26-year oldofficial working in a patent office in 1905when he
published an article called thbkeory of relativity ; which included his most famous formula.
Nobodycould understand his formula at thahe. He could have read the papers of Marie and
Pierre Curie, o got the Nobel price from themventions of radioactivitywo years earlier in
1903. From his thedes Einstein achieveitie Nobelprize in Fhysicsin 1921.

On June 2th of 1934Hungarian born scientidteo Szilard (18981964) applied for a patent in
neutron chain reaction. He was a student of Albert EmsteBerlin, where he became a Doctor
of Physics in 1922. Leo Szilard made several inventions during his years in Berlin, where
1928he appliedor a patentdr a linear accelerator and in 1928r a patent for a cyclotron. He
escapedn 1933 to London, where he discoverkd thain reaction of neutrons whealking in

the street. He travelled from London to Columbia University in Manhattan in 1938 andavas lat
ore of the key persons ithe Manhattan project.

The question of bw to release the energy from the atoms actually started to get light only after
1938. Austrian born nuclear physicikise Meitner (18781868) became the assistanth\dx
Planck (1858 Germanyl1947) at theKaiser Wilhelm Institute in Berlin in 1912. In 191%he
became the director of tHadependent laboratory of physican the Institute. There she came
into contactwith Albert Einsein who visitedher laboratory quite often. The leader of the
chemistry institute wa®tto Hahn (1879 Germam1968)

In Berlin Meitner and Hahn did experimentsbombing uranium atoms with alpiparticles.

They thought that they wouldniil heavier atoms than uraniubyt something else was found.
Because Mei t notJewid oriinagne dscapedvta Holland in 1937 and from there

to Sweden in August 1938, because all Jewish scientists were discriminated by that time in
Germany.
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However, Lise Meitner could adse Otto Hahn an8iritz Strassman(19021980) atthe Kaiser
Wilhelm Institute to daresearch accordin her instructions. Irthis way the first splitting of
uranium atoms was done in Berlin, but they could not givexplanation othe experiment. In
December 1938 they seatmanuscripto Naturwissenschagt, in which they described hotlie

bombingof uranium by neurons produced barium.

On December 19th, 1938tto Hahn wrotdo Lise Meitner askingvhether sk could find some
explanation fothe experiment, where by bombing urani atoms with neuronsarium isotopes
were produceds a result. Hahn was a radiochemist and not a nuclear physnstouldnot

explain his discoveryLise Meitner could not explain éitherand wrote to Hahn thanything is
possible in physics.

Lise Meitner was in Sweden when teer o t h eRoléed Frisch (1904 Austrial979)visited

her. Robert was studying physicsldti | s Bohr 6s | aboratory in Cope
together were able to find explarati to whathappened in the experiment thidahn had

described in his letter tdeitner.

Both Meitner and Frischinderstod the theories of Wert Einstein and Niels Bohr, recarditige
structure of atoms arttie magnitude of energy releasing. Bohr had dbsd thatthe nucleus of
atoms is just like a water drop, which n®t stable. Thus Lise Meitner and Robert Frisch
concluded that by bombing the nucleus by neutrons it couldtisplatoms ito two pieces. ey
concluded that Hahn had actuallyisghe atoms in two pieces. Fdnese studies Otto Ha got
the Nobel Prize, takingll the credit of discovering the fissioeventhoughhe could not explain
what had happened.

Lise Meitner was forgotten and livemit her last year in Britain. Howeverpn Febuary 11,
1939 theBritish journal Nature published a lettef Robert Frisch and Lise Meitner, which
explained their theories abatlie fission of atoms. Frischadstarted to use the wofgssion for
the first time. Thugart ofthe credit of the discovery of fission shouddso be giverio Robert
Frisch and Lise Meitner.

The theories of fission and chain reaction were developed furthErealyik Joliot in France.
His theories orchain reaction explained thtte fission of uraniumatoms released two or three
neutrons, whichauld then make other fissions wfanium atoms i pile. He appliedor several
patents fouranium piles and explained his theories to Lise Meitner.

Robert Frisch explained this experiment to Niels Bohr, waeelled to USA in Jarary 1939 to

give a lecture on thepitting of atomsat the Princeton University in Washington DC. He
explained how neutrons can cauke fission of uranium atoms and how the fission cafease

energy and stilfree neutrons. Thisould then cause a chain reaction anchassive release of
energy. K¢ explained that to cause a chain reaction the neutrons should be moderated to slow
neutronswhich canthencausehe fission ofU-235 atoms.
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Bohr also concluded that it would be veryfidult to get U235 from natural uraam as it
contains only 0.7% of {235 atoms and 998 of U-238 atoms. Bohalso explainedhat when
uranium238 will absorb one neutron, it Withange to a new material thaas 93protons and
146 neurons. Hecalled his new materialplutonium-239 according to the Greek God of
underworld metals and wealth. Rbe Romans Pluto was adjoftheunderworld or Hades.

His speech caused an explosion among the scientists. Evenylotiyd to tell this news to their
colleagues. Thus the idea of nuclear fissiors ilmmediately spread tthe University of
California in Berkley, to Chicago,to Harvard in Cambridgeto Yale in New Haven and to the
Columbia University in New York.

After the visit of Nils Bohr to the USAhe first experiment on nuclear fission was then dame
January 25th, 1939 at the Columbia Universityby Enrico Fermi (1901 Romel954). Since

1927 Fermi had beethe professor of theoretical physics at Waversity of Rome, where he

was making experimentsn slow neutrons and betiissions. For these studies Fermi won the
Nobel Prize in 1938 and thus he knew how the bombing with the neutrons can be experimented
on. His wife wasof Jewish origin and thus the family escapedhe USA in fear ofpossible
discrimination.

In his experiments independently from BoRermi discoveredhat fast neutrons causéke
fission of U238 atomsand that slow neutronsaused thdission of U235 atoms. The slow
neutrons were obtained bgtling the fast ngtrons collide with atoms thétave nearly theame
mass aghe neutrons. The bestaterials were hydrogen onaterials such aparaffin which
contairs hydrogen. @rbon and heavy water wesésofoundto be suitable moderating materials
for the neutrons.

In April 1939 Niels Bohrexplainedin Copenhagein a newspaper thdby bombing uranium

235 atoms with slow neutrons a chain reaction or an explosion can be achieved. The explosion
can be so big that the laboratory and neighboring dindj could be destroyed After this the

press fellsilent and nobody could watabout atomic weaponghe idea othe atomic bomb had

been revealed for tHest time to thegenerabpublic.

In August 1939 Albert Einstein sent the letter td-ranklin D. Rooseveli the Residentof
United Statesabout the possibility of makingtomic bombs. Femni and Szilard had actually
writtenthe letter, which wathensigned by EinsteirEinstein explained that

fithe recent work of E. Fermi and L. Szilard lead mexpect that the element of uranium may

be turned into a new and important source of energy in the immediate future. This new
phenomenon would also lead to the construction of bombs and it is concéivhblegh much

less cetain 1 that an extremely poweudl bombof a new type may thus be constructed. A single
bomb of thigype carried by a boat and exploded in a port, might well destroy the whole port
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together with some of the surrounding territory. However, such bombs might very well prove to
be too heay for transportation by aib.

In addition Einstein madehe following recommendations:

a) Particular attentionshould be givemo the problem of security of supply of uranium ore
for the United States. | understand that Germany has actually stopped thefsale
uraniumfrom the Czechoslovakia mines tshe has taken over.

b) To speed up the experimental work, which is at present being carried on within the limits
of the budget in University laboratories, funds should be provided #redceoperation
of industial laboratories which have the necessary equipm&mbuld be obtained

1.3 Development during the ®cond World War

The first Air on fanmnedby @ermmabyandtie Sdriet tJrhopire August $939
by the foreign ministers Molotov andibbentrop They divided Europento the Soviet blog
which includedFinland and the Baltic Countries amto the Germanblock, which included
mostof Poland.

On the first ofSeptembr 1939 GermanjnvadedPoland with two million men, 2300 aircrafts
and 2750 tanks. Poland was occupied in thresks and divided in twbetween Germany and
the Soviet Union. The casualties included 86 000 dead or lost)QIB4voundedaltogether
250000 soldiersThe Second World War had started

On November30th 1939the Soviet Unia attacked Finland witBOO 000 soldiers, 3800 aircrafts
and 3000 tanksThe Finnish amy had totally 35@00 soldiers an@00 aircrafts. My father was
one ofthe soldiers as were the majority of all Finnish men between 18 8bdyears of age
Finland was almost ahe to defend western democracy at tive. Swedergave us Bofors
guns and voluntgs, which would fight with our soldiersThe USA or Germay did nothing to
help us at firstFrance Italy and Great Britaippromised to send sonseldiers, but they were not
asked by the FinnsThe US sent us some financial add sympaty, but the US Brewster
fighter airplanesrrived to Sweden after the war was over.

TheFinnishWinter War lasted 105 days. Thmasualties of Soviet Red army werz7 000 men
in dead or lost and 2680 men were wounded, totalird®2000 men (40 % of theforces). The
casualties othe Finnish army were 2800 mendeal or lost and 4900 woundedaltogether
70000 men (20 % ofhe army forces). Finland survived antade peace witthe Soviet Union
in Marchof 1940, havingo giveup a part oKarelia, which was aouth-eastern part of Finland
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The Second World Waaccelerated the development of nuclear wea@ased on the lettsrof
Albert Einstein and adviskom other scientistthe USestablishedAdvisory Committee on
Uranium in Octoberof 1939. The first report bthe committee was given in November 1939.
The report reviewed the work done tite Columbia Univesity by Fermi and Szilard on the
constructionof a uranium pile andn thefission of atomsin April 1940 the Committee held a
meeting in Washingtgnand 40000 dollars were granted by the committee for making pure
uranium and pure graphite.

This budgetary decision was also noted thg German sideGermany started studies on the
possibility of nuclear energy. Professerner Heisenberg(1901 Germami976) was one of
the scientists, who wanted to hele German militanafter the occupation of Poland. He had
won the Nobel Prize in Physics in 1982 his theories on quantum mechanics. Howernerst

of the scientistsincluding Otto Hahnwere reluctant talevelop atomic weapon#n Februay
1940 Heisenberg made a repattere heconcluded that a reactor that woulse naturaliranium
andbemoderaed by heavyvater, might generate energy.

Heisenberg was nominated to lead the reactor designs in Berlin and Leipzig. The needed
uranium was resived from Cechoslovakiawhich had beeonccupied by the Germans one year
earlier. Uranium was brought to Bierfor the first reactor. The heavy water was planned to be
used as a moderator, but it was very difficult to obtain in the beginning of 1940. Thus the first
experiments did not start a chain reaction.

In the British side theMilitary Application of Urani um (MAUD) committee heldts first

meetingin April 1940. They discussed the possibilities of separdtir#B5 and U238 isotopes
andthe fission of atomsby using fast neutrons. In June 19Bfanz Simon (1893 Germany
1956) started the development of sggpian of isotopedy usingthe gaseous diffusiemethod.
The gasous diffusion method was provenwork in December 1940 by Simon.

After this the committee started to send their reporteédJS. The theory oatomic energy was

described inJuly 15th, 1941 in the MAUD-reports. One of the reports waSThe se of

Uranium for a Bomb i n which wazkg o saniun235warld beanbeded for

an atomic bombThe otherrepofi Us e ranifumJ as a S o wexplaieed bofvheBwywe r 0,
water or giaphite could be used as a moderator to establish a chain reaction.

In July 1940the US formed aNational Defense Committee (NDC) which was aimed to
support atomic studies. The chairman of the committeeMaasevar Bush (18901974). One
of the tasks othe committee wathe separation of k235 from U238. It was given to Professor
Harold Clayton Urey (18931981), who was working at Columbia University in New York. He
had disovered deuterium by distillingf liquid hydrogen. Deuterium in the form of heavy water
became onef themoderatos for neutrons in later reactors and in the future it will be thedtie
the fusion reactors. He won thimbel Prize in Chemistry in 1932.
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Princeton University in New Jesey was developing atomic pihich was needed to establish
a chain reaction iruranium atoms. In practicgraphite would be used asmoderator for
neutrons which would then cause the fission dhe uranium235 atoms. In the beginning
Fer mi 0 snstiuaced ensmallopile called tlexponential pile. The size of the cubic formed
graphite pile was 2.5 x 2.5 x 2.5 meters. The uranium waseiform of uranium oxide. The
reactivity factor reached with the pile was only K = 0.86. There was a long wgy ttw reach
the1.01 needed for a chain reaction.

University of Californiain Berkleywas developing plutonium in a team led Biynest Orlando
Lawrence (1901:1958), who worthe Nobel Prize in Physics in 1939 fois invention ofthe
cyclotron in 1929The cyclotron was used to accelerate particles in nuclear experiments, where
new materials were formed. However, Leo Szilard had made his patent appli¢atymhotron
independently thagame year.

During the war years Lawrence was ondlef members athe team thatlevelopedhe atomic

bomh Lawrence was also developing the methods to separate urdB8kiand238 atoms using
electromagnetic fields. The theory of nuclear explosion was also discovered by Lawrence. Later
on the separation of uranium filvle Hiroshima atomic bomb was doneusyng this method.

Plutonium239 was discovereth University of Californiain Berkeley for thefirst time on
March 1941 by the team @lenn T. Seaborg(19121999) andedwin McMillan (19071991),
who were bombinguranium238 atoms withslow neurons. By this time the discovered element
was callel element 92%°, and the name plutonium was propoded McMillan. Both men
received théNobelPrize in Chemistry in 1951 faheir discoveries of several new isotopes.

Plutonium could be separated by chemical means, which was impossthiedase of uranium
isotopes U235 and WU238. Plutoniuri239 was behavingn the same way as 4235 and fast
neutrons could causkeimmediate fission of the plutonium atoms.

Plutonium239 was also noted by the German sciestiat Dahlem to be the key tauclear
energy. In August 1940é&many occupied Norway and overtable Norsk Hydro facilities in
Vermok which were producing hydrogdy using the electrolytic process. Norsk Hydro was
also makingheavy water and the Germansw had the facility thatould makethe moderator

for a nuclear reactor. Thetne reactor could make plutonium, which could be separated
chemically from other fission products.

In June 1941 Germany started operaBambarossa the aim of which was theccupation of the
Soviet Union. The Finnish armwyanted to get backe lost Karelia ad followed the German
attack viathe northern front two weeks later. Finland occupied the lost areas in two months and
advanced tdhe Russian part of old Karelia, which had been populated by the Finnish krébe, t
Karelians. Britain declared war against Finland ttes advancementbut did not start military
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operations against Finlandhe US army gavenore than 1®00 aircrafts tathe Soviet Red
army, which was usinthem also for dropping bombs &mnish cities.

In the autumnof 1941 Heisenberg had enougranium and heavy water start the experiment
again. In the beginning of 1942 the first chain reaction of uranacbleen ehieved in Leipzig.
However the reactor was not large enough for massive plutonium production. Also there was not
enough heavy water to make new larger reactors.

The USthe national defense committeeld a meeting in Decemhelr941 on thedevelopment

of nuclear science. Durg the meeting the delegates received the news that Japan haddattack
Pearl Harbor anthe US wasat the war. Japan hadready occupiedeveral countries in Indo
China and ws now attackinghe Pacific slands. This Japanese attgek the US war machines
into action.

1.4The Manhattan project

Within one day from the attacknoPearl Harbor the members of the Uranium Committee
established an organizatiorhieh was openly discussing tagomic bomb. The task was make

a nuclear redor thatcould be used to make some kilograms of plutonium. The plutonium could
then be used to make an atomic bomb. The planning organization was headed by US Vice
presidentHenry Wallace (18881965), warminister Henry L. Stimson (18791950) and
Vannevar Bush, who coordinated the scientific research.

As the theories abotubhe possibility to make an atomic bomb were spreading the race to make
the actual bomb was startebh 1942 was establishetie Manhattan Engineering District,
which was a code name ftitre Manhattan project. The leader of the whole project was given

to GeneralLeslie R. Groves who had his office in Washington.

One group of scientistvas conducting studies on chain reaction atNtetallurgical Laboratory

of University of Chicago. The team was led Agthur H. Compton . The first criical pile was
constructed in an old tennis hall, which hlagen abandoned by the tennis players. Several
scientists fronthe Columbia Universi were called to Chicago to construleétpile. Among the
scientists wereenrico Fermi and Leo Szilard as well as doct@valter Zinn (19062000)
EugeneWigner (19021995)andJohn Wheeler (19112008).

This pile with the code nameCP-1 (Chicago Pile) was the seventh pilthe team had been
constructing. Now this pile was bigger than the others. The bottom and the walls were
constructed by using 60 cm thick graphite tiles. This blanket was aimed to reflect all the escaping
neutrons backnto the pile. Then theinside of thepile was loaded withgraphite tilesand
uranium Every other layer was the same type withaatnium. Other layers had two holes that
could be loaded with uranium tiles, which weagh2.5 kg each. The control rods on the top of
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the pile were made ofadmium, which was known for itability to absorb neutrons. The size of
the pile was 9 x 6.3 x 9.6 m and the weight was 1400 tons.

In November o0fL942 the team had received about 52 tons of uraniuntha&assembling of the
uranium could be started. Obecembe 2nd 1942 the 50 layers of uraniunies had been
assembled anthe control rods were drawn out of thdéepthe chain reaction started for the first
time in history. The thermal output of the reactor was only about 50 milliwatts andrag$0
Watts ofthermal energy was achieved. This was a small step in energy progbetian giant
step in the history of atomic energy.

In the late 1942 #éeam code name Yconsistingof top atomic scientists ihos Alamos New
Mexico, was given a mission to desigmcaconstruct the actual atomic bomb. The site was
selected so that the test explosion could be carried out near Los Alamos in theTteseader

of the scientific project wasRobert Oppenheimer (19041967) who was a professor at
University of Califorria in Berkeley. The members of the team included Niels Bohr, Enrico
Fermi, Leo Széird and James Chadwick. They radbe basicesign of the bomb, which was to
be made bysingbothuraniun235 and plutoniur239.

The principle of the bomb wgathat it hado reach the critical mass of fissile material within
very short time. This could be achieved by combining two uncritical pieces of uranium or
plutonium in a cylinderwhere half of the material is in oe&d and another half in the opposite
end. Then th pieces could be put togeth®y using a conventionaldmb. The fissile material
hadto consist of 8% pure uraniur235 or plutoniuri240. The main difficulty wathen how to
producethe fissile material.

A team code name X, wasworking in Oak Ridge in Tennessee to separate285 and U238
atoms Massive power plants to supghe energy fothis processvould be needed heories on
the separation of uranium isotopes we/eloped byrofessorsHarold Urey (18931981)and
John N. Dunning (1907%1975) in Columbia University. They werexperimentingon three
methods: gaseous diffusion, centrifuges and electromagnetic separation.

Pure uraniun35 was planned to be producedthg electromagnetic separation developed by
Lawrence in Berkeley. fius the huge magnets of Berkeley were transported to Oak Ridges
the separation plangode nameY-12, was constructed in 1943The uranium235 for the
Hiroshima bomb was made #tis huge plant, which haaltotal 0f45000 workers. Additionally

a huge gaseous diffusion plantith code nameX-25, was constructed during94344 in Oak
Ridge.

A team,code namé&V, was collected itHanford, Washington, which was selectedsthe main
site to makethe graphite piles to make plutoniumrhe selectiorcriteria for the first nuclear
reactor were followingNo village should be closghan 10 miles from the plant upwindo

town with morehan 1000 inhabitants shoulte closer than 20 miles from the reactor.
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The design for a large pilepde nameX-10, was donen 1943. Theconstructionof the plant in
Hanford wasstarted in April 1943and in September the first pile started to omerBiythe end
of the yearthe first grams of plutonium hatleen produced. A separation ttlvéhich used the
methods deveped byGlenn T. Seaborgias constructed bihe DuPont engineers.

Additionally Wendover in Utah was selected aa training site for the air forcerhich would
actually drop the bomb. TheigeB-2 9 7 S u p edr-bonabertwasehg enly plarguiitable for
a long range bombing flight. It had been modified ® dble to carry weapons. The task was
given toColonel Paul W. Tibbets (19152007) who alreadyhad experience on droppirige
first bombs on Germany. Thus his teams trained by dropped hugermalbombs in Utahand
Tibbetswasthe only man who knew there that they were training to drop the atomic bomb.

All the projects were fo secret and only handful of people knew the purpostthe massive
facilities thatwere being built in several locatisnAlso radiation sicknesses meeexperienced
with the atomic pes. AtOak RidgeDoctor Bruns and his collegue were lying in hospital bed
sufferingfrom radiation overdose. The first victim thke atomic bomb was this young man, who
had been too eager testing andwho then hado meet his destiny

The scientists inDahlem Germany were also studyiniipe possibilities of making nuclear
materials. The Norsk Hydro heavy water facilities in Norway were destroydtie English.
Thus the work with the@tomic pilewas started with limited resources Dahlem In February
the allied destroyed the facilities and the construction of the pile was transfeHedhmgen

There wa a rock cellar that gavsheter to the facilities. However, there wenet enough
uranium and moderator materiédsreach the critical mass.

The heavy water factory iWermok in Norway had been repaired Ilye engineers of. G.
Farben and was nown full operationagain. In Februar}944 the heavy water was ready to be
transpoted to GermanyA Norwegian resistance soldieeamedKnut Haukelid (1911-1994)
knewhow the transportation to Germany would be doHe ingalled a bomb on board the ship,
andthe explosiorsunkwith the heavy water aimed ftte German reactors

In 1944the allied forces prepadeo make the combined attack on Germany. The United States
and Great Britain would attack frothe Western front on Normandy atiek Soviet Union on the
Eastern front. On June 6#bout 17300 allied soldiers landed on Utah, OnmahJunoand
Sword beaches in Normandy undeyavy fire ofthe German machineguns. Additional&pout
24000 airborntroops landed behind the German lines.

The casualties of the allied forces incluagdabut 10000, killed, wounded, missing or captured.
The memorialsite andthe graves of 9387 US #tiers killed in the invasion argtill today near
the Oméa Beach. There you can see US war veterans, who still journey there tatrelive
memories.
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On Jun€elOth 1944 about 60900 soldiers ofte Red army adicked to Finland. Thisame as
big surprise tahe Finnish army @nerals, who thought the main targetthat timewould be
Germany

Finland survivedbut about © 000 menwere killed or went missingn one month The Red
Army lost about 10000 mendead or missing an800000 were wounded; totalingore than
half of its attacking forcegh one month The invasion was stopped in July 1944 and the rest of
the soldiers wereeturned tothe German front.

In Felruary 1945US intelligence staed itsoperations in Germany. One of the main tasks was to
detect possible nuclear research #reldevelopment ofin atomic bomb. Irthe springof 1945

the US intelligence detected that Werner Heisenberg was livingechingen Thus they
thought that the Germaabmic development was dotieere.

On March 1945 th&JS troops enteretlieidelberg and foundlValther Bothe, Richard Kuhn,
Wolfgang Gertner andBeckner. They told that Verner He2aberg andMax von Laue were at
Hechingenandthat the experimental uraniumile in Dahlem had beemoved toHaiderloch,
which was a small town near Hechingen.

The American army had captured the site of the German pile and the scientists were asked about
the development of asmtomic bomb. It was found that the experimental pides wot critical, but
Heisenberg group had made plans for a bigger pile, which could be.

Another discovery wathat centrifuge separation method of uranium isotopes 235 and 238 had
been developed quite faand that in theorthe Germanadthe possibility to make uranium

235 The centrifige research had been started atltheversity of Hamburg by Dr. Harteck,

and was continued at Celle. #mall centrifuge was found in Hechingen and it was said
floperating satisfactorily .

On May 8th1945 presidenHarry S. Truman (18841972) inthe US Winston Churchill in
London andloseph Stalinin Moscowannounced in their radio speestthatthewar in Europe
was over. This was a day of victdogr manyin theallied forces. ltwas alsactuallythe starting
point of the Soviet occupatiof the Baltic and many Centrdturopean countries, which should
be also remembered.

President Truman had been office for 24 days by the time of hispeech and he was still
thinking about the war in the Pacific, which was stillfii force. In the summer of 1945 the
preparations fothe atomic bomb werat full speed. The uranium bomb withguntype design

was believed to operate withoattestandthere was not muchuranium235 available for the
tests The implosion type plutonm bomb was considered more difficudnd thus the scientgst

considered that a test wollé needed.

29



The Alamogordon airport had been selected e test site. The site was in\Wd&lexico about

320 km south of.os Alamos. In the morning dfuly 13", 1945 theatomicbomb was installed in

the tower. All connections anelays were tested and everyomas waiting for an explosion.

But then suddenly the sky turned black and all the preparations had to be stopped. The bomb was
lifted back fromthe tower ad everything had tbe started again.

Finally onJuly 16" everything was installed and tested again.&hunderstormapproached the
site again. Lightningwere striking here and there and everyomas thinking aboutthe
possibility that lightning mighhit the tower and destrdfze instruments. Howev, the explosion
was to be madat 400. The lomb was made of plutonin2B39 atoms and its force was
calculated to correspontb 20 thousandons of dynanite, if all of the nucleus wouldplit.
Howeva, it was thought that hardly a tenth of it wowdgplode.

At 3:30 the loudspeaks at the site announced thiate zeo will be at 5:30. The work othe
final reparations started. It had been calculated thHtdn hour before zero time everyone
should leave the sitét time zero people shouldirn their faces away from the explosié.45
seconds beforiéme zero theautomatic procedure was started and nobody could stop it

Robert Oppenheimer was standingtite commandindgunker ten miles aay. Everyonewas
told to lie face down on the ground, close their eyes and covertibatswvith their hands before
the countdownto zero After the flash they could standpuand watch the explosion through
smoked glass.

What would happen? Wouttie bonb explode? Coulit be possible that the whole world would
be destroyed, as some scientists had predicted? Then suddeiggtdight flashedas though
thousands of suns were burnifdne light ball was gettonbigger and bigger and turning red and
purmple. 50 second latéhe pressure wave hit the men in the shetted the soundf thundemwas
heard at the same time.dark cloud was rising from thgomb site and soon it coverdte sky.
Was this the end of the world?

At the same timen theisland of Tinian in the Pacific Ocearthe preparations othe airport
were almost ready. Six runways had been constructethahdgeB-29 Superfortressbombers

had arrived. The number of them reached several hundreds. Thewslamdso the new location
forTibbet 6 s 509t h Camep forsaisgedal ndssionu phe site also included several
scientists from Los Alamos.drge containers were arriving tlee siteon ships with extra guards
from the military police.

The B-29 bombers delivered their cargo dJapan in large squadrons. They returméthin
twelve hours. The last months of the war had begGolonel Paul Tibbets and his men were
waiting for the final command to drop the bomb. The general® walculating the losses that
would lie ahead if the ar would go on island after island. How many soldiers could be shved
the bomb woulde droped and how many civiliangill be killed by droppinghe bomb.
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Finally, Tibbet had maal his plan how the mission woul®e competed. He had noted that the
heavies artillery fire was targeted at the bombers that came in large formations, when single
aircraftswere left to fly in peace. Thus, his plan was to drop the bloyntne of two planes that
would approaclthe target.

On August2nd 1945the B-29 bombers arrivaefrom Wendover to Tinian with special boxasd
dangerous materials. No okeew what was inside the boxes. QGwgust 5th 1945 General
Farrel arrived and Tibbet had assembled his groughetirport. Tibbet callethe men one by
one by name. Finally 2@dames hd been called and then everyone knew that this was eriough
justthree bombers.

The namedmen formed a half circle and the rest were dismissBuen General Farrel said:
Tomorrow, you wilfly the atomic bomb undéihe command of Colonel Tibbetgho will fly with
you.

Figure 1.4.1 LittleBoy was
the first uranium bomb. It
wasdropped orHiroshima

On the next morning a-B9 bonber with thenick nameEnola Gay started its engines. It was
namel afterColonel Tibbets motheA special package witthhe atomic bomb was lifi into the

plane. The bomb wasck namel theLittle Boy. Captain Parsonassembled the explosivesto

the bomb. The bomb itself contained 35 kg of uran2Bf, which had beeseparated at the
gaseous diffusion plant in Oak Ridge. The bomb was 3.0 m long and 0.71 m in diameter. It
weighted four tons.

Colonel Tibbets explaine his staff what woulthappen next. He said thate hour before take
off three spy planes would stdfte journey to the targets. If emghing would be clear, they
would givethe target wherehe bomb will be dropped. It would be the place where the sky
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would be the clearest. The explosion cau$y the bomb wagxplained to themair the first
time. The lomb wouldexplode aB00 meters above the grounddaytomatic ignition.

On Augusté6th, at 2:45 the enginewere started. Two escort planésft the ground ifst. After
them Enola Gayollowed. The planemet atlwojima before their finhtarget. Theescort planes
senta message that they were above Iwojima #rat thefinal weather forecast waseart All
three targets werkaving thin clouds. After a whalone of the escort planes gavenessage to
Enola GayThe weather is the clearest abd¥eoshima.

The planes wee flying in an attackormation that hadbeen trained hundreds of timé@hen the
radio technician shoutatiat hecaught a Japanese messdggnger over Captain Lewis started
looking atthe ground from the plane at 300 feet (9500n) above Hiroshima.

Finally, the target was found and thentio was dropped. The planesned 150 and started to
return back. The automatic ignition mechanism of the bevab stard at 7000 feet (2135 m)
from the groad. At 1900 feet (579 nthe last radio signal from the bomb was capturedthed
electronic ignition happened. This causleelconventional explosion in which a smaller piece of
uranium235 was shot ito a canon pipe about 120 cm forward to the other end of the canon
pipe, whichin turncontained the rest of the uranit285 andanimmediate explosiofollowed.

Figure 14.2

Boeing B-29 Superfortres
plane was used to drop the
atomic bombs on both
Hiroshima and Nagasaki

The arcraft wasreturning to the basendwas about fifteen miles from the site the pressure wave
shook them within one minute of the explosiom e ground about 8000 peoplewerekilled
instantly and 7@00 wereinjured. The force of the bomlas estimated to corresportd 13
thousand tons of TNT.

On August 8, 1945 another B29 Superfortress, nicknamed Bsckcar, started its trip to
Nagasaki This time the bomb was loaded with plutoni@®0 andnick namel theFat Man. It
was 3.3 meter long andl.52 neters in diameter. It weigld 4.6 tonsincluding 6.4 kg of
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plutonum-239. The plutonium was installed on tiseirface of a sphere to prevent the
spontaneous fission tfie plutonium239 atoms.

The plutonium bomb was constructegcording to thecalalations of Hans Bethe (1906
Germany-2005), who was the leader of the Theoretical Physics division at Los Alamos. He was
one of the physics who could desitire inward movement, implosion and ttoeitical massof

the plutonium The plutonium239 had been produced the Hanford reactordoy bombing
uranium238 atoms witmeutrons.

The cevastation in Nagasaki wanormais. About 40 00@B0 000 peopldost their lives and
more than this werinjured by the radiation or theeat. @ August 12h, Japan surrendered and
the war was over.

1.5 Other nuclear programs

After Hiroshima the atomic bomb was knowmerywhere. The atomic race hsirted. Igor
Kurchatov (19031960) was the leader dhe Soviet program. He had established thstfi
Sovietnuclear team in 1932 and built the first cyclotron in 1939.

The pogram to develop uranium studiess intiatedby a ®£aet governmentorder 2352 s s,
in which the organization ofuraniumrelated activitiesvas described. The ordesas signedn

August Bth, 1942 An ad hoccommittee was set up to takeerall charge of @nium mining
anddevelopmenbf the atomic bombOn Februaryof 1943,a new order was giveto move the
laboratory to Moscowand to appoint Professor Igor Kurchatov as tteeestific leader of all
uranium researchOn April 12h, 1943,the Instrumentation Labatory No. 2 orthe Russian
Research Center Kurchatov Institutewas established wiith the Academy of Sciences.

The Soviet Union had received tiMaud report in 1943 and were awanéthe British ideas on
nucl ear we ap oAtomic Enérhyefor MiktgsyoPurposéd the so calledSmyth-
report was published in August, 49 just afteHiroshima and Nagasaki. The report described
the development adhe atomic bomb between years 19401@45. Thus the basic dataatbmic
energy was available to everyone

Josef Stalin orderedlgor Kurchatov to build amatomic bomb in 1948. The plutonium was
producedin a 100 MWt reactor (A) at Chelyabinsk, which wasa secret city foa long time.
The plutonium bomb wathe same type as the Fat Man in Nagas@kgure 1.5.1) The first
Soviet atomic bomi(RSD-1) exploded o August9th, 1949 inSemipalatinsk in Kazakhstan
four years after Hiroshima.

The raioactive allout was detectednoSeptember r8 by an American B29 aircraft thatwas
flying near the Kamchatka peninsulaand the Americans could then calculate the time of
explosion andhetype of the Soviet atomic bomb. The time of @a&d War and nuclear threat
hadstarted.
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Figure 1.5.1 The first Soviet nucleaornb usedlutonium It had similar measures thahe
Fat Mano, whi cNagasaki.sTheddoconpept @ dfrend ia the order on the

f
AAt omi ¢ theSwmjvd cett iUmi ono

The information regarding the atomic bomb was said to have spread through German born
Doctor Klaus Fuchs (1911 Germany1988),who was working at Los Alamos and gave the
information to the Soviet scientists. Fuchs was sentenced to 14 years in prison .in 1950
However, the Soviet scientists did actually know the same basic facts as the Americans, and
they were able to build the bomb also without the data from Fuchs. However, the Soviet
design of the plutonium bomb was similar to Fat Man and even the extaapd sf the

bomb was identical.

The father of the British atomic bomb wdélliam Penney (19091991), who attended the
US weapons program abs Alamos. He was asked to be the technical leader of the British
team in May 1948. In October the first reactor went critical amtestéo produce plutonium.
The British joined the atomic clubroOctober 8, 1952 by exploding their first plutonium
bomb.
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By this time the cold war between the West amasiEhad started and the atomic weapons
were thought to gi¥ atomic shield to Europe, when tBeviet Union had excessive capacity

in tanks and conventional weapons. Kor&dar started in June, 195Both the Soviet Union

and the UShad atomic weapons available and some generals even thought to use them.
However they were never used againwar.

1.6 Energy of the sun

Cecilia Payne (1900 UK-1979) pointed out in hedoctoral thesis in 1925hat the sun
consists mainly ohydrogen and helium. She also found that the st@rsnainly consted of
hydrogen. Until then all the astronomers belietteat thesun consists of irgrand the new
fact was not accepted. One reason was that Payne was an Englishobman im America
and at theime she was discriminated by the scientific community.

1.6.1The American hydrogen bomb

The fuson bomb was discussed in 1942 Bérkeley summer school, wherfRobert
OppenheimermetEnrico Fermi andEdward Teller (19082003) Fermi presented the idea

of thefusion bomb, which would give more energy than the fission bomb. Edward Teller was
fascinated about this idea and was developing itdéartbut it was abandoned at thiate.

Robert Oppenheimer had ldfos Alamos and in 147 he tookthe position ofProfessor of
Advanced Studies in Rrieton, New Jersey. He also became an adviser fd3$h&tomic

Energy Commission, which led the development of atomic science since He4@as

opposing the development tiie hydrogen bomland proposedhat theUS should have
instead more fission bombs.

After the Soviet atomic bomb in 1949 US President Haryman demandefiirther actions
to be taken by scientists about developmenhefsuper-bomb in January of 195CEdward
Teller was irvited to returnto Los Alamosthat same yearHe had also seen whaad
happened to his home country Hungary after the war under Soviet dictatorship.

Another man behind the idea tife hydrogen bomb waStanislaw Ulam (19091984), a
JewishPolish mathematician. Ulam proposed that ttmb could be built so that it had
fission bomb in onend and thermonuclear materialtheother. Thus the fission bomb could
cause theeompression othe thermonuclear material, which would thesach the pressure
and temperature needed for the fusion.

The first hydrogen bomb was developed using phinciple, named th&eller-Ulam design
The idea was to use fastrdys instead of neutrons in triggering the fusionhef deuterium
(hydrogen2) and tritium (hydrgen3) atoms. The fission bomb wpkaced in a cylinder and
detonagéd. Then the Xays cause the secondary fission foplutonium239 by implosion,
which wasboosted by fast newtns coming from the fusion. Therefametually much of the
energy will camdrom the plutonium fission.
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Both Teller and Ulam applied for thmatent of the hydrogen bomb. The first hydrogen bomb
of this type was then exploded on Novembstr 1952 onBikini Island . The bomb hadhe
power 0f10.4 megatonsf TNT andit made acrater50 metes deep. It also caused radiation
on the island and lot of radiation damagemong the native people.

1.6.2The Soviet hydrogen bomb

In the Soviet Union,Andrei Sakharov (19211989) invented the same type of hydrogen

bomb in Il gor Kurchatovdos team. The Tdielsi gn o
Idea nearly the same design athe Telle-rUlam bomb. The bomb was exploded on
November 28d, 1955 at th&emipalatinsk testite in Kazakhstaronly three years aftehe

US hydrogen bomb

Then on October 3th, 1961 the Soviet Union exploded the biggest hydrogen biomb
Novaya Zemlya. It had theower of 50 Megatons of TNT arsth theSoviet Union had taken

the lead in hydroge bombs. The bomb was about 5000 times more powerful than the first
bomb in Hiroshima. The falldwf radiation was also noticed in the Nordic countrieghas

test site was quite near.

1.7 Opposition voices

In 1950 Albert Einstein sent his letterttie US President, in which hearned that nuclear
testing might destroy the environment. In 19fir months before his death Einsteaid:

fil havemade one great mistake in my life when signing the letter to President Roosevelt
recommending that atom bosshouldbe made.

Also Oppenheimer wanted to put limits to the development of nuclear weapon programs in
their home countrieOppenheimer was then accused g connectioa to the communist

party, which has contacts witthe Soviet Union. His wife had been a member of the
communist party.

Also his war time colleague in Los Alamos, Edward Tellestified against him.
Oppenheimer lost his classification status in 1948 President Dwight D. Eisenhower
asked him to regn. Ten years later in 196Bresident John F. Kennedyawarded
Oppenheimewith theEnrico Fermi Award and his status waghabilitated.

Sakharov waslso politically active. He spoka&gainst nuclear testing and ballistic missiles.
He became a leader ingSovietliberalization movement aftéhe Soviet invasion irPrague

in 1968. He was awarded thmobel Prize of Peace in 197%ut was arrested because of his
liberal idea. S&harov was releasd when PresidenMikhail Gorbachev started his
perestroika policies in 1986.
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2. NUCLEAR REACTORS

2.1 The first power reactors

The United Nations was established ®©ctober 2th, 1945. The UN countries ¢dght that

the organization woultbe needed to prevent future wars and also to cottteospreading of
weapons. One of the main aimss also to help the development of nuclear energy for
peaceful uses.

Ten years later ilAugust, 1955the UN organizedhe first Geneva Conferenceaim of

which was to discuséiThe Peaceful uses of Atomic Enegy Some 1000 pape
presented during to days. May of the papers gave thoughts abouthihéding of atomic

power plants, which were thoughtlie able to generate electriciffree of charge.

The International Atomic Energy Agency (IAEA) was then established inc@@ber, 1956

in New York. The headquarters dhe IAEA wereestablished in 1958 in Vienna, Austria.
The safeguard systems came to full effect in 1@6&r five year discussions between the
participating countries.

The race to buildhuclear power plants had started. The first earclreactors for power
generation were built in the United States (EBR951 Arco), the Soviet Union (Obnisk
1954),the UK (Calder Hall 1956) and then again in the (38ippingport 1957).

2.2 Fast bbeeder reactors

2.2.1USA

The fastbreeder reactoractually startedthe construction of power reactors. The basic idea
behind the fast reactors is their possibility to use fast neutrons, whithhenbreed the
uranium238 atomsnto plutonium239. The primary fissionable material ikifenium-239,
which produces 2% more neutrons than uranit®35 and thus the extra neurons can be used
to convert uraniun238 in the blankeinto pluonium-239. The cooling media ifast reactors

is normally liquid metal, which does not slow down the neurons as dasr

Several metals can be usedepending othe melting and boiling points: mercurg8.8 and
356.7°C), sodiumpotassium NaK-(11 and 785C), sodium (97.7 and 883), leadbismuth
(123.5 and 1670C) and lead (327.2nd 1749°C). Because the atoms of the mlstare
heavier they do not slow down the neutrddst the metals are not liquid abrmal ambient
temperatures and thus they miistheated.
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The first reactor actually built wahe Experimental Breeder Reactor (EBR1). It used
sodiumpotassium (NaK)which hasexcellent cooling properties. It was a prototype of
breeder reactors developed\talter Zinn (19062000)

Walter Zinn was said to be the marho caused the fist critical nuclear reaction by removing
the cortrol rods in the Chicago pile oDecember @d, 1944. After the Manhattan project
Zinn was the first director dhe Argonne National Laboratory (194856), which had been
establibed 40 kilometers southwest Ghicago.The Argonne National Laboratory was a
direct descendant tfie Metallurgical lab@atory of theUniversityof Chicagowhere the first
reactor(CP-1) was constructed.

EBR-I was built in Arcq Idaho in 1951 for experimental purposes to demondinatereeder
reactor oncept. The breeder reactor generatexnte fissile mateals (plutonium239) than it
consumed. fie uranium235 elements wersurrounded bya uranium238 blanket, where
they wereconvertednto plutonium239 in neutron radiation.

The output of the EBR was 1.4 MW and it produced 200 k@/of electricity. It geneated
the first electricityby using nuclear energy on Decembetti20l951 in a steam turbipe
enough for lightingfour light bulbs The main golaof the experiment watb demonstrate
breeding oncept so that larger reacttne EBR-II, could be built.

Figure 2.2.1 EBR-1
generated electricity on
December 2, 1951
(Source: Rick Michal,
Nuclear News November
2001)

The EBR-II reached criticalityn July of 1964. In its final phase of operation the reactor
output reached 62.5 MWt. The BBII had alsobeen planned, butwas neverealized.

The first commercial fast reactor the USwas the Enrico Fermi-1 built near Detroit,
Michigan. It hadan electri@al output of 61 MV¢ and started operatian 1963. After three
years of operation the reactor experienced a partial meltdown, when the sodium cooling
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circuit was blocked by loose parts of zirconium. The reactor was repaired and started again in
1969 untila sodium firestopped & operation in 1970. Finally itsperation license was not
renewed and the reactor was decommissioned in 1973.

The USwas starting taconstruct the first commercialcale breedetthe Clinch River, in
1973. Thereactor wasdesigned to produce 350 MA\bf electricity from 1000 MW of
thermalenergy It wasa loop type reactorgooled by liquid sodium. By this time the US
uranium resources were estimated to support 1000 GW&ectrical capeity using light
water reactorsThus additional capacity had be constructed by using the breeder reactors

The development of breeders in the W8s terminated, when the constructiortla# Clinch
River plant was stopped in 1983 &yoting ofthe Congress. The costs of the breedactor
power plant were estimated to be doutile costs of dight water reactor and therice of
uraniumshould be more tha$il65 per ounce to make to thtgpe of reactor competitive.
However,the actual prices have remained bel®%0)0per ounce most of the time, because
the nuclear expansion never happened.

2.2.2The United Kingdom

The Britishalso started the fast reactor design based on sogiotaissium (NaK) coolant.
The first experimental fast react@ounreay Fast Reacto{DFR), started operation in 1962
in Scotland. The power plant hadelectrical output of 14 MWe. Plutoniu@89 was used as
the primary fuel of the reactort was a loop type reactor thaad 24 sodiunpotassium
coolant loops. The plant was decommissioned irv197

The second plant in Dounreayrototype Fast Reactor(PFR), had an electrical output of
250 MWe and was takeinto operation in 1970. It waspool type reactor, which was cooled
by liquid sodium andhe primary fuel was a mixture of uranium oxide arddtpnium oxide
(MOX). The plant was @commissioned in 1994 when fisancing was stopped.

2.2.3France

France hadalso built sodium cooled fast reactors. The 130 MWHhénix reactor was
connected tahe grid in 1973 in MarcouleThe Phénix reactorortinued its operation until
2009when it was stopped and remained waiting for decommissioning.

The 1200 MWe commerci@uperphénix was then commissioned in 1986thé same site.
The Superphénixeactorwasstopped for maintenance in 1996 and was notestagain.

France is planning to build the next liquid sodium cooled breeder reactor by+a®&6ver,
no decision habeen madget The main reason behirmlilding of new reactors therising
price of uraniumwhich would make the breeders competitive

2.2.4The Soviet Union

The cevelopment of breeder reactorashcontinued irthe Soviet Union andtiis the only
country in Europe thastill hasoperating fast reactor3he Soviet Union put much of its
researchnto breeder reactors becauseutanium resources were quite limited
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Several conceptual breeders were developed. The first experimental fastB&adt@Bistra
Reaktor) went critical in 1955 and haalthermal outpubf only 100 W The sodium cooled
BR-5 went critical in 1959 and itdd 5 MWof thermal output.

The next researctast reaatr wasBOR-60. The reactor was commissioned in 1969 ansl it
still in operation. The reactdras 60 MW of thermal output and 10 M@bf electrical output.
It usesa mixed oxide fuein which uranium-235 contenwaries from 45% to 9%. The next
reacor wasBN-350, which was built in Kazakhstan 1972. The reactor had 350 MWt of
thermal output and 150 MWe of electrical output. The plaad operating until 1999.

Beloyarsk-3 was the site of thBN-600breeder reactor. It was connectedhtegrid in 1980
and is still in operation. The reactoraspool type and cooled by liquid sodiurhhbs 56
MWe of electrical output. Until today the operating history of-BOD has been excellent. Its
load factor has been more than%(or twenty years in row. The specific construction costs
of BN-600 were estimated to be%0more than the costs of a VVEROO reactor.

Also plans fora larger fast reactorBN-800, Beloyark-4, have been made and the
constructon of unit started in 2006. The specific costs have been estimated to be 4086 hig
than inaVVER-1000 plant

BN-600 Reactor Design
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There are also plans to build lebigmuth cooled 300 MWBrest reactors in Russia. The
Brest reactor has natural circulation in the primary circuit and it has been used in submarine
reactors in Russia for 40 years. The reactor does not need new enrighrsyuibut only
reprocessed plutoniw239, uraniur235 and depleted uraniu@88.

The Brest reactor could breed in the blanket the depleted ur&88mwhich is the waste

from the enrichment plants. If enriched urani@B5 reactors can support a 1000 GW
program for 100 years, the breeders cold support a 10 000 GW program for 1000 years. They
can also burn the long living isotopes of plutonium and reduce the amount of waste.
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2.3 Graphite reactors

2.3.1The Soviet Union

The first Swiet nuclear plant tgenerate powervasObninsk. It was connected tthe grid n
June 1954. It was a prototype for tRBMK -reactors, which are cooled by water and
moderated by graphite. The output of the reactor was 3G BW the power plant could
generate 5 MW of electricty.

The reactor vessel wassembledby using graphite modulesvhich had a cylinder shapkbs
m diameter and 1.7 m height. The 128tical rods can be assembled intrtical holes in
the graphite fuel elements. The elememslude two tubes where theooling water is
pumped in through the inner tube and out througlotiter tube. The uranium wassembled
between the two tes. The primary cooling water wHeen led to asteam generator which
generated 2 bar steam for a 5 MW steam turbine.

The reaatr used enriched uraniug85 and it could be usdad produce plutonium, because
fuel could be loaded continuously. Thus the uranrR88 atoms could be converted to
plutonium239 atoms in the neutron flux of the reactor. The fuel was unloaded hkéore
plutonium-239 atoms were convert@ato plutonium240 atoms.

The reactor could be used for making plutonium bombs and thus the degigrreddtor was

not optimized regardingafety aspects. The reactor could become promptly critical by
accident. The same type of reactor had the wowslear accidentto datein 1986 in
Chernobyl, which then stoppeticlear power projects all over the world.

2.3.2Magnox in the UK

TheCalder Hall reactor was a prototype tife Magnox-reactors, which were constructed in

the UK. The name of the reactor comes from the cladding material of the fuel, which has
been maddéy using magnesiumnon-oxidizing material. The power plant was connected to
thegrid on 27h of August, 1956.

The reactor wasooledby carbon dioxide gas, which wé#sen used to generate steam in a
steam generator. The stearas used in steam turbine to rotate a 50 MWe generator. The gas
cooling system was designed so that duegdents the cooling could be domg using
natural cooling by air. This was thought to be sadisra steam explosion waspossible. In
Chernobyl, the steam explosion was causedhgycombination of burning graphite and
water.

The moderair of theCalder Hall reactor wagraphite as inthe Chernobyl. The graphite ag
packedin a steel reactor vessel. In later designs the reactor vessel has bednymaitg
reinforced concrete. The Magnoxaterial was found taleteriorate if the spent fuel was

stored in water. Thus all the fuel had to be reprocessed, which increased the costs and lead to
AGR-reactors, where the cladding was made from steel.
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In the first yearshie Magnoxreactos werealso used fothe produdion of weapons grade
plutonium239. This samedesign haslso been usemh North Korean reactors for weapons
grade plutonium production.

2.3.3The AGR in the UK

The second generation UK reactors were cdaleddvanced Gas Cooled Reactors (AGR
They used graphite abe moderator and carbon dioxide e coolant. The AGR reactors
use stainless steel fuel cladding, which alidiar ahigher exit temperature (648€) of the
coolant and thuenablesigher efficiency (41 %) of the power plant.

The first AGR plant washe Dungeness B which was connected the grid in 1983 and is
still in operation. The plant has two 1500 MYeéactors in the same reactor buildengd two
550 MW steam turbines. Atal of seven ASR plants were constructed h989.

The following UK plant wa the Sizewell B which used pressurized water reactor
technology. One of the reasolts abandoninghe AGRG s  whe higher investmerdosts

of the gas cooled reactors and low energy availability factors of the plants. The lifetime
energy availabilityof UK nuclear plants has been 71% while the world average availability
factor has been 77%.

2.3.4UNGG in France

The first French reactors followddK gas cooled reactor development. The reactor type
UNGG (Uranium Naturel Graphite Gathat wasdevelopedn France was alsa graphite
moderated and carbon dioxide cooled reactor. The cladding matetiz¢ foel rods was
magnesiurrzirconium instead ofthe magnesiurmaluminiumthat wasused inthe Magnox
reactors.

The first reactorsG1, G2 and G3were built in Marcoule in 1956, 1959 and 1960
respectively. The first reactdG1) hada 2 MWe electrical output and it was in operation
until 1968. The next two reacto(&2 and G3 had a 38 MWe output and they weren
operationrmore than 20 years untlieyweredecommissioned.

The development continued witleactorsAl, A2 and A3 with output of 70 MWe, &0
MWe and 360 MWeFinally 500 MWe reactors were built iSaint Laurent andBugeysites
in France andh Vandellosin Spain. After them the construmtiof gascooled reactors was
stoppedandthe new reactors wepgressurized wateeactors.

2.3.5The HTGR in the US

The first gas cooled reactdn the USwas designed in Oak Ridge. The ideatlod high

temperature reactor was to use graphitthasnoderator and helium dke coolant. The first
HTGR reactor was built iReach Bottom Pennsylvania in 1967. Thoeitputof the plantwvas
40 MWe and it was shut down in 1974.

The second HTGR plamb be builtin the USwasFort Saint Vrain in Colorado. Theutput
of the plantsvas 330 MW and it was connected thegrid in 1976 and shut down in 1979.
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The plant used pre-stressed concrete pressure vesEee main problems occurred with the
helium circulators and availability factor of the plant was very. |

2.3.6The Pebble Bed Reactor in Germany

The German HTGR reactor design was started by building a 15 MWe demonsidion
(Arbeitsgemeinschaft Verswhreaktor) plant in 1967. The fuel was collectegraphite
spheres cm in diameterwhich werethencooled by helium. Thipebble bedconceptstill
offers very promising modular design. The fiBVR plant was permanently shut down in
1988.

The next design of the pebble bed concept thasTHTR (Thorium Hoch Temperatur
Reaktor) 300 which was built in 191 and permanently shut down in 1988. The electrical
output was 300 MWe and it usagteam turbine cycle. It used urani285 and thoriur232
fuel, which was packed o graphite sphere$, cm diameter.

China has licensed the AVR technology from Germang built the first 10 MWreactor in

2000. The next graphite moderated plant will be a 200 MWe plaiitkeowan The plant
includes two 200 MWt modular reactors and one 200 MWe steam turbine. The construction
of the phnt is expected to start in 20Rkd the plants will be ready by 201%hina is
planning to build 18 units with 200 MWe unit size each.

The high temperature gas cooled reactors are considebbedoiwe of the majdV generation
technologies thatre under development. The 400 MWt helinooled pebble bed reactor is

under licensing process the US The technology seems to be inherently safe and possible to

be sited near populated areas. It can also be used for high temperature steam generation and
hydrogen production. South Africa has@lannounced to use the same technology, but the
construction has not started.

2.4 Pressurized water reactors

The pressurized water reactor (PWR) was originally developed to power nuclear
submaines. This project was startéy Admiral Hyman Rickover (1900-1986)in 1949.

The first PWR submaring Nautilus, was then launched in January, 1954. Its reacias

using uranium fuel with zirconium cladding. The subima engines were producduy
Westinghouse and General Electric. During the project the compas acquired the
necessary knowledge to build the nuclear power plants. In 1958 Nautilus made its first trip
underthepolar ice cap.

Thereactadd s pr i ma r gurraundeddoya contaimmans building, which coulwld all

the leakages in the buildin No radioactive materials woulde releasedinto the
environment. The containment building is a large pressure vessel, which can be made with
steel, prestressed concrete with reinforced concrete with a steel liner.

44



2.4.1 Westinghouse

The first moern tye power reactor wadbuilt by Westinghouse in Shippingport
Pennsylvania, USA. The reactor was a prototypheipressurized water reactarhich later
became one of the most built reactors in the world. The plant hadsaupzed primary
circuit that wa cooledthe reactor and was radioactive. The #nadioactive secondary circuit

then produced steam for the steam turbine, wim¢brnrotated the generator.
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The electrical output of the Shippingport plant was 60 MWe. The reactor plant was installed
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inside a reinforced steel contaiant, which has beea standard in the mogrressurized
water reactors since thg€rigure 2.4.1) The possible reactor cooling adents were taken
into account fortthe first time. The reactor became critical on Deceminel; 2957 just 15
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world markets. The reactors were using two, three or four vertical steam generators in each
reactor depending on the output.

The reacto pressure vessel (RPV) msade of steel and it contains fueéments. The vessel
head can be opened for refueling. The control rods are above the pressure vessel and they can

be moved up and down lmsing thereactor power control system. The control rods will be

automatically dropped into the reactor thie reator safety systendetecs that two out of
three signals have exceedbéd safety limits.
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The pressure is maintained by a pressurizer, which is a large pressure vessel in which the
pressure can be increased by heating the electric resistors and debyeaseging steam to

a water release vessel. The pressure should be always so high that the water in the primary
circuit does not start boiling.

If a water leakage occurs in the primary circuit, tddigonal makeup water ignjected into
the systendirst by pressure@umulatorsthen by high pressure safetyection water pumps
andfinally by low pressure safetgjection pumps, which all have diesel engine bapk

The latest Westinghouse reactdR100Q has passive emergency cooling systems, whigh ca
provide make up water to the reactor primary circuit without emergency pumps. Thus
emergency diesels are not needed for water injection and several components have been
eliminated. The reactor output is 3400 MWt. The electrical output depends on theg cool
water temperature, ranging betwdeb0i 1200 MWe.

Two AP1000 reactors are under construction in China. Additionally several AP1000 plants
are in planning stage ithe US AP1000 plant isalso one of the alternatives ftite new
reactors to be built ithe UK. However, AP1000 has not been sele@ed candidatby the
Finnish utilities, which are planning to build two new reactors before 2020.

2.4.2Combustion Engineering

Combustion Engineering (CE) was another suppdiereactors inthe US. The company
supplied the first Nuclear Steam Supply System (NSSShhtoPalisadesnuclear plant in
1971. The plant has two steagenerators, four cold leg®ur circulating pumps and two hot
legs.

The largest nclear plant inthe US is the Palo Verde which has three units with total

capacity of 3800 MW. All three NSSS plasthave been supplied by CE and they tinge
two steam generator concepts. Irditéidn CE hasalso supplied NSSSor some Korean
nuclear plants.

The SwediskSwiss engineeringoenpanyAseaBrown Boweri (ABB) acquired Combustion
Engineering in 1990. After this acquisition CE was bankrupted because of asbestos liabilities.
Thus no new CEype PWR plants have been built by ABB, tthe Korean Electric Power
Company (Kepco)has developed their plants using CE technology.

2.4.3Babcock Wilcox

Babcock Wilcoxwas one of the old boiler manufacturing companies established in 18367
was also involvedn the Manhattan project and supplieduipment forthe first US nuclear
submaring Nautilus. B&W suppliedthe Nuclear Steam Supply System for the first nuclear
shipSavannahin 1961.

The first NSSS for nuclear power plant was supplied by B&W for a 275 MWdian
Point nuclear plant in New Yorlkabout 60 km nortdfrom New York Gty. The plant was
connected to grid iGeptembel 962 and it used thorium in its first core.
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The thorium did not meedxpectations andl waschanged to uranium oxide fudfter some
safety problems the operation license was not renew&fl44 and the reactor was shut down
permanently.

B&W has supplied several other NSSS for US plants. One of them was the faihrees
Mile Island (TMI) plant in Harrisburg. The first reactdiMlI -1 hada 786 MWe output and
it was connected tthegrid in 1974.

The second unitMI -2 hada 880 MWe output and it was connectedttegrid in 1978. The
plant had similar features #se Westinghouse and Combustion Engineering plants. The main
difference was the once through steam generatorttaaidhe primary gstem had smaller
water volume than the others. Thus TidI-plant was more vualerable to transients and left
theoperators less reaction time

On March 2&, 1979 the TMI2 reactor experieme the worst accidemverto happen tary
pressurized reacton history. The pilot operated reliaefalve (PORV) of the pressurizer had
stuck open. The operators igenot able to note the failure becausewaoning signal from
thiswas given The primary circuit was leaking wateto the purge tank anthe reactocore
was leftwithout cooling water. This causete partial meltdown bthe reactor core

The radioactive release wabout 43000 Curies (1.59 PBqgjnainly Krypton. Alsoa small
amount of iodine was released and the people in thensmemevacuated. Ahetime it was
said that that the maximum doseé radiation for anyoneavithin the power planboundary
would be the same #sthe person had been @anormal Xray inspection.

However, this accident practically stopped the construction of new nucleds pidthe US

The public opinion also turned agaChmst nuc
Sy ndr @ane Bonda, Jack Lemmon and Michael Douglas) was spreading the story of
TMI-2. It wasabig surprise to us all that the movie had predithedI MI-2 accident so well

before it actually happened.

Today B&W is trying to make a comeback with its modular reactor design. The new reactor
plant will be builtby using 125 MWe reactor modules, which have been designed for railway
transportation. The reactbas a five year refueling cycle and passive safetiesys It will
remain to be seen what the future of this new design.

2.4.4VVER (Rosatom, Atomstroiexport)

The first PWR reactor ithe Soviet Union washe Novovoroneshl VVER-200reactor. The
name VVER comes fronthe RussianmiVoda Vodyanoi Energetichesky Realdomvhich
means thatthe reactor is moderated and cooled by water. The next VVER units in
Novovoronesh wer€VER -380, VVER-440andVVER-100Q which is the latest model.

Thedifference between the Soviet VVER and thestinghouse units is the horizontal steam
generatorof VVER reactors The VVER-440 has sixhorizontal steam generators aride
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VVER-1000 has four Another feature is th&VER reactor pressure vessel, which has
smaller diameter to allow railway transportation.

The VVER-440 was the first Sowt nuclear plant to bexported. Firdnd was the first
country to buy the two VVER40 reactorsor the Loviisa plant. The plant was providedh
western type safety systemidiey include containment building, emergency cooling systems
and diesel generators, which could eliminate the radioactive releases apastylaed loss

of coolant accident. Additionally, the instrumentation and computer system was built using
very mocern technology.

The latestVVER-91 design of the VVERLOOO plantalsoincludesa core catcher, which can
cool the moltenreactorcore during core meltdown accidents. The first core catcher was built
in theVVER-91 reactoiTianwan-1, which wasconnectednto the gridin 2006in China.

The architect engineeringf the Tianwan reactors was dob the Finnish Utility Company
Imatran Voima Oy (IVO), which was planning to builtloviisa-3 plant using this VVER

91 design. By thigime | was also in the Loviisa projectand responsible for conceptual
studies. Unfortunatelythe Chernobyl reactor accident happened in 1986 and the construction
of Loviisa-3 plantwas suspended.

The next VVER power plants will be built in Russia. They will be ushgnew VVER -
1200 (AES-2006)design and theirkt four units will bethe Novovoronesh 21 and2-2 and
Leningrad 2-1 and 22. The Leningrad plant will be very similar tbhe VVER-91 design,
but it will include passive systems for containment cooling. The VAIEBO design haa
1150 MW net output, four steam generators and one 3000 r/min steam turbine.

VVER plantswill also be built in India and Bulgaria. The capacityiafishora factay in St
Petersburg isour VVER-1200reactor pressure vessels annuallyo on these aravailable
for export marketsAdditionally theJSC Machine Building plantnear Moscow might start
building pressure vessels atie total capacity could increase td B0 vessels annually.

2.4.5European PWR reactors

France and Germany have built sev&@IR plants wich were originally built unddicense

from Westinghouse. Most of the plants were four loop plants with four vertical steam
generators. The difference of German plaatstherswas the sphere shape steel containment
vessel as th@/estinghous andFrench plants had cylinder type layout.

The German PWR plants had four loops and four diesel engines. They used Siemens (or
KWU) steam turbines. The first French plants were built under Westinghouse license. They
had also four loops but only two d& engines. They used Alsthom steam turbines.

The latest type PWR iEuropean Pressurized Reactor (EPR)plant, which prototype is
now under construction in Finland at Olkiluoto site. Thkiluoto -3 plant will be the largest
nuclear unit in the worldn 2013 with 1700 MW electrical output using just one steam
turbine.It has a French reactor and the Siemens steam turbine.
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The Olkiluote3 plant also includes aore catcherasthe Tianwan reactors in China. The
core catcher was required to be builtHimnish power plants to prevent radioactive releases
during possible core meltdown accidents. Now, also the next EFRnmanville in France

will haveacore catcher.

The design of the EPR plaatso includes aouble containment, where the outer concrete
containment is planned to protect the plant aganpbssible crash bg jumbo airplane.
These features have inesed the investment costs lbbth the EPR plants The actual
investment costs will be aboul 308/kWe without interests during construction and
constuction time will be about eighyears.

The supplier of the EPR reactors, AREVA, is noanming to make smaller reactdtmea
with more conventional safety features to save costs.rbgram has bearcceleratedfter
Arevalostthe United Arab Emirates (UAE) contractsthe Koreans.

2.4.6The Korean PWR reactors

The building of nuclear power planis Koreawas startedoy using Westinghous®WR
technologyin the first nine power plants. Lattre Koreard swn design was started based on
the Combustion Engineeringlant inPalo VerdelJSA.

The first plants were calle@PR100Q and they hadwo large vertical steam generators. The
plant concept includesvb reactor units, which will generagmergyin about 52 months from
first concrete. All together six of thepewer plants withwo units have been built hyow.

The latest design has been nam®dR140Q and it has been designed based e
OPR1000. The output has been increased to 1400 MWe, duedlstor plant has only two
vertical steam generators. There are four cold legs and two hot legs in the primary circuit.
The cold leg havefour cooling water pumps. The reactor pressure vessel is located inside a
concrete vessel, which has been filledhmivater to cool the core durireypossible core
meltdown accident.

The standard designcludestwo units atone site, with 2800 M\ total outpt. There are
two plants inconstruction with four unitsll together Additionally, the Korean Nuclear

Electric Power Corporation (Kepco) receivedan order ofa four unit APR+ plant inthe

United Arab EmiratesThe APR+ is an updted version othe APR140Q with a higher

output.

Thus the APR1400 is now one of the most successful concepts available. There are four
APR1400 units under construction and four units APR+ units in the planning ¥abes
six yearghe total capacity of APfReactors will be more than TI00 MW.

2.4.7The Chinese PWR

China has built a 300 MWe PWR plant based on Chinese desfigimshan-1in 1991. The
next four units inQinshan-2 had 610 MWe net output each. Thr&mnshanunits were
connected to network in 2002, 2004 and 2010 and one unit is still under coostruct
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The firsttwo 900 MWPWR plants in China were constructed using French PWR texgynol
in Daya Bay Guandong in 1993 and 1994. This teclugyl was adapted for the first time
with type nameCNP-1000in Lingao-3 and -4 plants, which were connected to gnid2010
and 2011respectively.

There are now twent NP-1000 units under constructiorifThe CNP-1000d e si gam i s
improved Framatom p | a nhas three stdamigeanerators. Ting pressure vessel fare
Lingao-3 plant was manufactured in Chima2009. The design is similao the French Il
generation design, withotle provisions for core meltdown.

2.5Boiling water reactors

The other ligh water reactor technology that becamesuccess story ihe boiling water
reactor (BWR). The maidifference to lhe pressurized water reactortiigt in BWR plants
there are no steam generators. Thus the water is converted into steam in the reactor itself.

2.5.1General Electric BWR

BWR technology was invented I8amuel Untermyer, who is the owner athe U.S. Patent
for steam geeration in the reactor. He worked at #thegonne National Laboratory and
built the first experimental boiling water reagtBOREX (boiling water reactor experiment).

General Electric (GE) hired Untermyer1854 and the compargdeveloped the BWRIants.
The first BWR plant actually built was the 24 MWallecitos plant in San Jose, California
in 1957. After thigroject GE started to offer this technolagythe marketn alarge scale.
The first commercial plant waBresden which hada 197 MWe electrical output. It was
connected tohegrid in 1960.

After that several BWR plants were built ithe USandin other countriesThe destroyed
Fukushima Daichi reactors in Japan were built by GE or under GE licenses. The olaslesig

had a toroid typg€Mark-1) pressure suppressigool type containment (wet well), into which

the steam from the reactor pressure vessel would be released and condensed. This design was
also usedn the units 15 in Fukushima Daichi nuclear plants.

The developmenbf the BWR plantsvent to large output and more simplified design. The
primary circuits were simplifiedthe external circulating pumps were replaced with internal
circulating pumps and the new BWR type was then calldiea&dvanced BWR (ABVR).
The new design (Mark IIl) had dome type reinforcedteel containment, which was similar
to thePWR plants, but it wasmaller because of the presssogpression pool.

2.5.2ABWR (GE Toshiba)

Several BWR plants we also builtin Japarby using GE desigrlhe Kashiwazaki-Kariwa
plant in Japan is the largest nuclear plartheworld witha 8100 MWe output. It has seven
BWR units in operation. The first five units hadconventional design with 1100 M&V
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output. They were built between 1986d 1993. Wits 6 and 7are of Advanced BWRtype
with a1315MWe output. They were connected to network in 1996

The KashiwazakKariwa plant was also designémlwithstanda smallerearthquake. In 2007

a severe earthquake actuallyppaned near the plarand itstopped the plant for ipgctions.

The other plants thatere planned for Japan were postponed. One of the reasons was the new
design ESBWR, which was coming dhe market place.

The first ABWR plants inthe USwill be the twoSouth-Texasunits near Houston. They will
havea 1400 MWe output eacldowever, the construction of the plant has not started yet.

The Toshiba ABWR planis of the options of plants that witle built in Finland by 2020.
The output will be 1600 MWe in Finnigtooling waterconditions.

2.5.3ESBWR (GE Hitachi)

The Economic Simplified Boiling Water Reactor $BWR) was the next design tHaeneral
Electric and Hitachiintroduced to the market. The design includes passive emergency
cooling systems. The design was doceletey USNRC in 2005 and thecombined
construction and opation license (COL) was appliéa 2007.

The new concept has been designed to keep the core cooled by natural circulation for 72
hours withoutusing outside electricity. Thushe emergency coatig waer tanks have been
placed above the reactors sideof containment building.

The ESBWR exists today onlyngoaper and no reactors are understautction. Thus it is
uncertain if such a reactor could getonstruction license and athwouldthe construgon
costsbe However, it has been taken to be one of the optmf the new plants to be buiit
Finland.

2.5.4BWR (Asea Atom)

AseaAtom Ab from Sweden was also one of the designers of boiling water reactors. Asea
Atom has built eight plants in Swlen and two in Finlandit has had advancedesign
features andhe first internal recirculation pumps of any BAplant were built irOlkiluoto -

1 and-2 plants in Finland by AseAtom in 1980 an 1981.

The plant was quite advanced at thiate, but it coull not toleratean electrical blackoufor
more than one hour, before the core oaplistated to have problems. This ae of the
reasonsvhy in Fukushima Daichi the core was without water very soon after the tsunami
hit the plants.

Unfortunately AseaAtom stoped its activities as Swededenied further nuclear
construction in Sweden byferendum in 1982. Aseatom wasjoined with Brown Boveri

and became as ABB. Later ABB reactor operations were sold to British Nuclear Fuels and
they became a part of &tinghouse. Westinghouse was taken overpgidese Toshiba and
hasthe APLOOO pressurized wataeactor as their flag ship.
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2.5.5BWR (Areva)

Boiling water reactors were also designed and construnt€&kermany by AEG under GE
license. The first plantKahl, was constructed in 1961. The plant lzelb MWe output and it

was in operation until 1985. Several plants were constructed with the technology being
originally licensed from GE. However, the new passive concept was developed by AEG,
which waslater taken over by Kraftwerk Union (KWU). e concept was not built at that
time, because it was much more expensive thanipeniration reactors.

While the nuclear activities of KWU were transferred to Areva, the passive BWR plant is still
available forutilities. It is one of the candidate plants to be built in Finland. The plant will be
sold usi Kegen&a amntei fis out put wil/l be about 1:
withstand plane crash and core meltdown. In addition, the plant has gootblloadng

capabilities with 5%/min ramp rate from 40 % to 100 % output.

2.6 Heavy water reactor

2.6.1 Candu

The pressurized heavy water reactor (Candu)n Canada was one of the early reactors,
which was aimed for electricity generation. The first prototype GCaedctor wasthe
Nuclear Power Denonstration (NPD) reactor that was connected into gindJune 1962. It

had a 22 MWe electrical power output a@nthe reactor was moderated and cooled by
pressurized heavy water. It was operated with natural uranium and no fuel enrichment
facilities were needed.

After NPD a larger 200 MWe retr was constructedt Douglas Pvint. It started operation
in 1968. Afterit also India has built several PHWR power plants using this Canadian design.

The benefit ofthe Candu reactors was the possibility to use low enriched uranium and even
the spent fuel of light water reactors could be used as fuel. The reactor coelbdued
online, which could help to achieve better availability. Typical light water reactorsahave
refuelingoutage that lasts from two eightweeks depending on the inspections

However, the higér investment costsompensate this benefit. The omlitbading also gives
the operator th@ossibility to produce plutonius839 for atomic weapons. Thus the reactor
technology coulanly be given for the countries thedn be counted on.

SeveralCandu plants have been buitt Canada. Also manplantsin India are designed

based on Candconcept In addition, four units in South Korea, two in China and one unit in
Pakistan and Romania have been built. There are four Candu reactors under construction, of
which three will be in India and one in Argentina.
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2.6.2 ACR-1000

The Advanced Candu Reactor (ACR1000)is thenew design of Candu reactors designed
by the Atomic Energy of Canada Limited (AECL). The electrical output of the ADBO
plant will be about 1200 MWelepending orsite conditions. It will improvesafety through
passive safety features. The reactor vault will be filled with light water to prévenbre
meltdown. There are fowertical steam generators thatoduce steam for the secondary
circuit using light water.

2.7 Thorium breederreactors

Thorium was discovered in 1828 by tBevedish chemisitns Jacob Berzeliug17791848).
He named the mineral after the amdiNordic ThorGod of Thunder.

Thorium232 (Th232) is not a fissionable material, but in a neutron radiaticzan be
converedinto uranium233, which is fissionable. Ineutron radiation thoriu@32 becomes
thorium-233. Then after beta decay thori283 becomes protactinium (283), which again
in beta decay becomes uraniumZB3).

n+232-|-h — 233-|-h b .233Pa b '233U

2.7.1 Molten salt reactor

The first horium reactomwasthe Molten Salt Reactor Experiment (MSRE)in Oak Ridge
int he 1BhéMNMSRE plant hada 7.4 MWth test reactor thased molten saluranium
and plutonium fuels. Theeactorused®*UF, fluid fuel at temperature 0650 °C. At this
temperéaure the heat couldealso usedn a gas turbine cycle.

2.7.2 VHTR

The MSRE ant had several benefits includingbundant fuel (thorium), negative
temperature coefficient (safety), fast response timesttamdmall amount of long lifetime

nuclear waste. It as not developed further at tihiene and the preserdevelopment is

concentrated on th&ery High Temperature Reactor (VHTR), which is part of the

Generation IV program.

Thorium High Temperature ReactofHTR-300) was built in Hamn-Uentrop in years
197083 by German Hochtemperatur Kernkraftwerk Gmbh. The reactor fuel was made of
thorium232 and uraniur235, whichwas packed in 67000 spheres with 6 cm diameter.

The THTR reactor was decommissioned in 1988 because of the failures in the hot gas ducts.
During the same time also Chernobyl accident caused opposition of nuclear power in
Germany and the next phase ofgkr THTR-500 plant was never built. One of the
drawbacks THTR plants was the graphite moderator, which can get fire as happened in
Chernobyl. Today, Pebble Bed reactors are one of the alternatives in Generation IV program.
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2.7.3 Candu

Canadian type CamdReactors have also been designed for thorium utilization. China has
signed a capperation agreement with AECL to develop thorium utilizatio@insan Candu

6 reactors in China. Candu reactors are suitable for studies while the online reloading. Thus
some fuel bundles can use thorium.

2.7.4 AHWR-300

India has an extensive experience from Candu reactors. Now India has developed also own
Advances Heavy Water Reactor (AHWR300), which will use thorium fuel cycle.
According to the data given by Atomic Ener@pmmission of India the reactor will have
pressure tubes, in which light water is boiling. Uranium enrichment level will be 19.75 % and
which gives in average of 4.2 % enrichment in the thorium uranium bundles.

2.7.5 Thorium fired light water reactors

Thorium can also be used in a thermal reactor blanket as thorium dioxide that has a melting
point of 3200°C. It was used for the first time in the Shippingport reactor core blanket as
fertile material in 1977.

India has also started cooperation with Russians to develop thorium fuel cycles for Indian
VVER-1000 reactors irKudankulam. The thorium cycle could be open cycle, which
generates less waste than ordinary uranium fuel cycle used in VVER reactors

Referernces

2.1/ RickMichal. Fifty years ago in December. Atomic Reactor EBRroduced first
electricity. Nuclear News November 2001.

[2.2/ Power Reactor Information System PRIEEA. http://www.iaea.org/programes/a2/
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3. NUCLEAR PROGRAMS

3.1 Big plans inthe United States

During the 1970s everyone thought thatlear powewould be a major sourcef the future
energy. The US Atomic Energy @mmission(AEC) forecasted thathe US would need
nuclear capacity 02300 GWeby the year 2009Figure 3.1.1). Thus in average about 77
GWe of new capacity should be built annually.

During the best yearef 1984 and 85 more than 30We& of new nuclear capacity was
commissionedylobally annully (Figure 3.1.2. A total of more than 40@GWe of nuclear
capacity has been builthe US nuclear capacity is now only 100 GWe.
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Figure 3.1.1 In 1973he US nuclear capacity was estimated to b@0Z3We in 2010, but it
was actually only 100 G
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Figure 3.1.2 The nuclear capacity additiomgas the highegt30 000 MW)n 1984 and
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Figure 3.1.3More than 400 00 MWof nuclear power capacity has been built, but the
capacity of the operating plants is actually on8%00 MW May 2011
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The Tree Mile Island accident in 1979 stopplee US nuclearprogram completely. Several
nuclear reactors were cancelled andew reactors were ordered the USsince then. The
public appetence was lost also in Sweden, whichavaderendum in 1980 tstop building
nuclear plants after 1@nits will be in operation. ThesE units with eight million people
corresponds 1.5 reactors per each million people. This was more than in any other country.

Totally 411GWe of nuclear capacity has been constructed the operating capacity is only
368GWe in 2011 (Figure 3.1.3) becauk® GWe of the old capacity has been shut down.

3.2 Finnishnuclear program

Nuclear powerappeared in the text book tfie Helsinki University of Technologynow
called theAalto University accordingto the famous Finnish architect Alvar Aalteery soon
after the atomic bomb@ Japan. InfiPhysics for Universities by ProfessorLennart
Simons the theory behind the atomic bomb was explaingtierdrinnish language already in
1946

The first pioneers in nuclear plamomotion werehe Nobel Prize laureatArtturi Virtanen

and @ademiciarErkki Laurila , who was the first professor of nuclear physics in Helsinki
University of Technology. They established annErgy committee tomake plans for
electricity genergon and nuclear power during tbe0 6 s .

Very soon after the Geneva conference many countries started to look after nuclear
technology. Finland established iRadiation Protection Agency in 1958. The first
experimentallri ga-reactor was therbuilt in 1962. Until bday, about 62 Trigaeactors have

been built by General Atomics for experimental purposes.

The design of the Trigeeactor is based on uranium zirconium hgdrifuel, whichis
installed in a pool type water psese vessel. The reactor hasnegative temperature
coefficient, whichmeans that the output decreasgdbe temperature increases. Thus it is safe
to install tre reactor at th®taniemicampus areaf the Helsinki University of Technology.

Nuclear energ startedfascinatingme persnally after reading thRobert Junkgd &Brighter
thanathousand suls, whi ch was transl ated from Ger man
book explained thdnistory of atomic sciencéehind the atomic bombs. For me this was
probably the most important experiermhind deciding to enter into power engineering

Then in 1965 pfessorEino Tunkelo taughtAl b e r t Eheony oft rdativitydfsat the
Helsinki University of Technolgy. After this coursel was approved tastudy electrical
engineering athe University which had been my dream sincleildhood.Thus myfirst step
to becominga nuclear enginedrad been taken.
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The training pbs for me were mostly at tHéeste QOil refinery, which was built between

196569 under license frorthe engineering compariyummus. It wasa fascinating project

asFinland wanted to become independentoh e bi g oi | c)ohatplictated eils ( A s i
prices at theéime.

At the same time Riand wanted to bld nuclear power planisasthe most of the hydro
resources were taken for electricity generation. The first steps were taken by the state utility
companylmatran Voima Oy (IVO), which hired young professionals to study nuclear
engineemg. Among those engineers wassShl. (Eng.)Kalevi Numminen who became the
project maager of theAtomic Power Project. The projectwas established to buildeHirst

Finnish nuclear plant atoviisa site

The Loviisa Atomic PoweProject was beguby signing thepreliminary contract letween
IVO and the RussianTeknopromexport (TPE) in 1969. This coveredhe delivery and
installation ofa VVER-440 nuclear plant reactor and turbine process systems.

The containment was ordered frovdartsila under Westinghouselicense. Wartsila was
known for building cruiseshipsand icebreakerat theHelsinki and Turku shipyards and later
for being the market leader imedium speed diesel engirfes the ships and power plants.

The proces computerand the plant simulatovere orderedrom Oy Nokia Ab, which by

the timehad established a department of special electronics. The computer systeraddesign
was the most advanced of tise with eight cathodeay tube displays. The displays show
the proces mimic diagrams and measured asalculated values for the plant operators.
Nokia became well known for being the market leadenabile phones twenty years later.

The dvil works were done by Finnish construction companies and the arceitgiteering
by IVO. Additionally, Siemensdelivered instrumentation andalmet ( t o d Metsd) s
thaduel loading machineSeveral hundred of other manufacturers wassinvolved.

| joined the Atomic Power Project Group in Julfy1970 in ordetto designa seam turbine
simulator program fothe Loviisa nuclear planby using a hybrid computer at ti&tate
Research Center (VTT)in Espoo. Then in July 1971 the simulatoogram and the thesis
were ready andlmoved tothe Ruoholahti office, where the engeming of the Loviisa plant
was actually doneAmong other things m responsility was to design the conventional
software algorithms for the process computer.

My boss was Licentiate (Techieikki Vayrynen, who had been working with the Triga
reactor for some time and was responsible for nuclear engineerinigegprdcess computers.
Another important person to me was Licentiate (TeBiajne Regnel, who was said to be
the first Finnish nuclear power enger and was responsible for safety evaluatibieshad
been studying nuclear engineering in the US.
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Figure 3.2.1 Startingup the Loviisal nuclear plantPresidentUrho Kekkonenand Prime
Minister Aleksei Kosyginin 1977. One of the seven TRcreens othe process computer
systentan beseen in the left front corner

In the summeof 1971 the most important taskas the preliminary safety reg (PSAR),
which had to be donand approved before the concrete works could be started. The first
versions of the PSAR were mostly copied fréme Donald C. Cookd #SARthat had the
same typef Westinghouséce-condensecontainment athe Loviisa plant.

The PSAR ofthe Loviisa plantwasactually donéy using white paper on which the English
text from the reference report was glumdand thera pencilwas usedo add some relevant
notes. My chapters in the report included theiregying safety features includiradl the
emergency safg systems. Thesehapters described how the plant would behdueng
disturbances.

At the age of 25 was one of the youngest engineers in the at@muject group. However, at

the time the computers were best ko by young people much like todayhe computers

had arrved tothe Helsinki Universityof Technologyinthe6 0 6 s dur i ng my st ude
they includedoneIBM -1710machine and twdonner analog computersin the electrich

engineering department.

Electronic Associates Inc. (Rl) hybrid computer was acquiredt the Technical Research
Cente (VTT) in 1970 The tybrid computer included a digital computer aad analog
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computer thatvas much fa®r than any digital computer the simulaton of nuclear plants.
My senior colleagues had hardly seen the compdtgiagtheir student years.

The engineers fronthe Russian side were generally efdnen, who had been working in
building the first Swiet reactors after the war atitey knew computers even less than the old
Finnish engineers. Computers were used maste business administration, but notthe
process simulation or control.

The cold war full on at thetime. US computers oany computers thahad USmade
electronics could not bexported tothe Soviet UnionIBM was ready tasupply the process
compuers forthe Loviisa planiand the US companidgve supplied radars for the Fish
Army. Thus Finland was considered to be on the west side of the iron curtain.

General Atomis had supplied the Triga reactor to Finlandiea Westinghouse waslso

read/ to sell nuclear power plants to Finland atitkir PWR reactor was preferred by the
managers in IVOHowever,the politicians decided that the first plant would come from the
Soviet Union, which had builhe VVER-type reactors in Novovoroneshhe seconglant
Olkiluoto could be bought from the west to keep the balance in nuclear relations between the
east and the west.

At the time Finland had plare build one 500 MWe nuclear reactor every year, but actually
only four reactors were built during 197981. The wo VVER-440 units were ordered from
the Soviet Unon and two BWR units from\seaAtom from Sweden. The nuclear capacity
in Finland in 1981 was 2210 MWe or 400 W/capita Hrehuclearelectricitygeneration was
3000 kWh/capitaBy this timeFinland had became one of tleading countries if counted in
the nuclear power per capitaigure 3.8.2)

3.3 The sow-down after Chernobyl

Operating nuclear power capacitythe worldis now 368000 MW (Table 3.3.1)The PWR
and BWR plants now havw8% and 226 of nuclear capacity respieely. The reavy water
reactors (PHWR) artocatedmainly in Canada and graphiteodeated reactors in Russia
andtheUnited Kingdom.

In 2009the electricity generation byuclear power was 2690 TWor 134% of all electricity
(20090 TWh). If this had been generated using coal power plasthe emissions would
have been about 2190 million tons of £@ven with the best available coal plants. The
avoided emissionBy using nuclear powere about % of thetotal CO,-emissions of energy
industries As a matter of fachuclear power has the highest potential of any energy source to
solve the global warming problem.

Hydro pwer plants generated about 32IA%h or 16% of the total electricity in 20Q9Thus
hydro andnuclear power generated abo083of all electricity. Thus they cannot be omitted
when the future islpnned.
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Table 3.3.10perating nuclear power pldas according taountries and type@ay 2011

PRI

N:o Country PWR BWR PHWR Graphite  Others Total
1 United States 67 205 34 035 - - - 101 240
2  France 63 130 - - - - 63 130
3 Japan 19284 24 058 - - - 43 342
4  Russian Federatig 11914 - - 10219 560 22 693
5 Germany 14 804 5 686 - - - 20 490
6 Korea 15976 - 2722 - - 18 698
7  Ukraine 13107 - - - - 13107
8 Canada - - 12 569 - - 12 569
9 China 9758 - 1300 - - 11 058
10 United Kingdom 1188 - - 8 949 - 10137
11 Sweden 2795 6 503 - - - 9298
12 Spain 6 004 1510 - - - 7514
13 Belgium 5927 - - - - 5927
14 India - 300 4091 - - 4391
15 Czech Republic 3678 - - - - 3678
16 Switcherland 1700 1563 - - - 3263
17 Finland 976 1740 - - - 2716
18 Bulgaria 1906 - - - - 1906
19 Hungary 1889 - - - - 1889
20 Brasil 1884 - - - - 1884
21 Slovakia 1816 - - - - 1816
22 South-Africa 1800 - - - - 1800
23 Mexico - 1300 - - - 1300
24 Romania - - 1300 - - 1300
25 Argentina - - 935 - - 935
26 Pakistan 600 - 125 - - 725
27 Slovenia 688 - - - - 688
28 Netherlands 482 - - - - 482
29 Armenia 375 - - - - 375
Total 248 886 76 695 23042 19 168 560 368 351

Distribution 67,6 % 20,8 % 6,3 % 52 % 0,29 100,09

Nuclear power capacity has increased only by 15 GWe during the last ten years. There has
been practically no growth in the European Union and the North Americas. Most of the

growth has happened in Asian counties: China, India, Japan and the Korean Republic

However, the nuclear plant construction boom has started again. The capacity will increase
by about 60 GWe by 2015 if the new plants under construction will be operational by then.

The biggest increase will be in China @ahdRussian Federation witiv 00 MWe and 9100
MWe additions(Table 3.3.2). Korea and India are adding 5500 MWe and BBd@ of new
capacity
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Table 3.3.2 Nuéar plants under construction accordingdountriesin MWe(Source: IAEA,

PRIS)
N:o Country PWR BWR PHWR Graphite FBR Total
1 China 27 230 - - - - 27 230
2  Russian Federation 7434 - - 915 804 9153
3 Korea 5560 - - - - 5560
4 India 1834 - 1260 - 470 3564
5 Japan - 2 650 - - - 2 650
6  Bulgaria 1906 - - - - 1906
7  Ukaraine 1900 - - - - 1900
8 Finland 1600 - - - - 1600
9 France 1600 - - - - 1600
10 Brasil 1245 - - - - 1245
11  United States 1165 - - - - 1165
12 lran 915 - - - - 915
13 Slovakia 782 - - - - 782
14  Argentina - - 692 - - 692
Total 53171 2650 1952 915 1274 59 962
Distribution 88,7 % 4,4% 3,3% 1,5% 2,19 100,09

Pressurizé water reactors constitu&% of the new capacity. The skaof boiling water
reactors is % andthe share of pressurized heavy water reactoB9 of the new capacity
Thus pressurized water reactors will be the market leader in the near future.

Table 3.3.3 Market shares pfessurized water reactor plants under constructioMWe

N:o Country CNP-1000VVER-1000 EPR  APR-1400 AP-1000 Others Total
1 China 20 000 3400 2000 1830 27 230
2 Russian Federatign 7434 7434
3 Korea 5560 5560
4 India 1834 1834
5 Bulgaria 1906 1906
6 Ukaraine 1900 1900
7 Finland 1600 1600
8 France 1600 1600
9 Brasil 1245 1245
10 United States 1165 1165
11 Iran 915 915
12 Slovakia 782 782
Total 20 000 13074 6 600 5560 2000 5937 53171
Distribution 37,6 % 24,6 % 12,4 % 10,5 % 3,8% 11,29 100,09
Export market 5640 5000 2000 2942 15582
Distribution 36,2 % 32,1% 12,8 % 18,99 100,09
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The Chinese CNP has the largest marketestiaB%) of the PWR plants thare under
construction (Table 3.3.3). The Russian VVEB0 hasa 25% market share, EPR 25% and
the Korean APR1400 al0%share.

In the exports market VVEROOO plants ar¢he leaders witha 36% market share of the
plants under construction. The French EPR is the secondavd#?% share. The Toshiba
Westinghouse AP1000 is the third wihL3% share. Additionallygorean vedors have sold
the four APR1400 unit plant to the United Arab Emirates, betplant is not irconstruction
phase.

3.4The Chinese program

Electricity consumption in China has been increasing very fast after the year 2000 (Figure
3.4.1). The consumption row growing by270 TWh amually. This has been almost 50% of

the growth of theworld electricity consumption. Thus about 500 G\Wenew eéctrical
capacity additions hdseen needed in Chinaidng the last ten years, i80 GWe annually.

Electricity Consumption in China
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Figure 3.4.1 The growth of electricity consumptiorChina has been 270 TWh annually

The nuclear capacity in China has been growing by only M@0during the same time.
Most of the new capacity additions during the last ten years have been coal fired plants. This
has mainly created the increase in globab€@issions.
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Although China has boomeglite late in its nuclear delepment, theynow havethe most
ambitious nuclear progranf counted bythe number of reactors under constructidinere
are now 27 nuclear power unitsider constructionni China witha total capacity o0f27.2

GWe (Table 3.4.1 The total capacity ahe new CNR1000 plants i20 000 MW, the EPR

plants 3400 MV, the AP1000 plants 2000 MW antthe CNP-600 gdants 1830 MW. This
totalsabout 4046 of all new nuclear power plants under construdtictme world

Table 3.4.1 New nuclear plants under constructiorMegawattsin China (Sarce IAEA.
PRIS)

Name of the plant CNP-600 CNP-1000 AP-1000 EPR Total

CHANGJIANG 1 610 610
CHANGJIANG 2 610 610
FANGCHENGGANG|1 1000 1000
FANGCHENGGANG| 2 1000 1000
FANGJIASHAN 1 1000 1000
FANGJIASHAN 2 1000 1000
FUQING 1 1000 1000
FUQING 2 1000 1 000
FUQING 3 1000 1000
HAIYANG 1 1000 1 000
HAIYANG 2 1000 1 000
HONGYANHE 1 1000 1 000
HONGYANHE 2 1000 1 000
HONGYANHE 3 1000 1 000
HONGYANHE 4 1000 1 000
NINGDE 1 1000 1 000
NINGDE 2 1000 1 000
NINGDE 3 1000 1 000
NINGDE 4 1000 1 000
QINSHAN 2-4 610 610
SANMEN 1 1000 1000
SANMEN 2 1 000 1 000
TAISHAN 1 1700 1700
TAISHAN 2 1700 1700
YANGJIANG 1 1000 1 000
YANGJIIANG 2 1000 1000
YANGJIANG 3 1000 1 000
Total 27 1830 20 000 2 000 3400 27 230

China has now only 11 GWe of nudlezpacity in operation and the plagenerate about
80 TWh of nuclear electricity. In 201&fter the new plants will be in operatjadhe capacity
will be 38 GWe and tha&uclearpower plants will generate about 300 TWh of electricity.
This is, however, less than 10% of the electricity generation in China.
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China has been the first countoyilding a core catcher iianwan-1 and-2. China will be

leadng the way inthe constructon of the first passive plant ABR0O, which uses
Westinghouse PWR technology 8anmenl and-2 units. There are also new gasoted

reactors under development ahdfuture will show if these will be built

Despite the fast developmenttbe nuclear bumess China is building more coal fired plants
than any other country. Thus the new coal plants will incréees€0,-emissiongmuchmore
than the EU countries are reducing them. Thus it istmost importance that China would
change its energy policfrom coal to renewable sources and nuclgmwer as fast as
possible.

3.5The Russian program

After the yearl990 the elecicity consumption in Russia héeen decreasindgn 1999it has
started to rise again and the winter of 2009/10 new records pedkads in Russia
Federationand also in Russian North West powgstems were achieved. The electricity
consumption has been growing continuoustpecially in large citiesuchas Moscow and
Saint Petersburg.

The electricity consumption is growingw at the rateof 18 TWh annually (Figure 3.5).

Thus about 4000 MW of newapacity will be needed each ye&ussia haslso a large
program to build gas fired CHP plants in their biggest cities. Because the most cities have
district heating netork they could be independent ofhe outside power as the city of
Helsinkialreadyis today.

Electricity Consumption
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Figure 3.5.1 Hectricity consumption Russiaiiscreasing by 18 TWh annually
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Today, Russia has the secorargest nuclear pgram after Chinalt has eleven nuclear
plantsand 7370 MWe of capacitynder construction (Table 3.5.1).

Table 35.1 Nuclear plant under construction in Russia (Source IAEA, PRIS)

Name of the plant VVER-1000 RBMK FBR Other Total

AKADEMIK LOMONOSOV 1 32 32
AKADEMIK LOMONOSOQV 2 32 32
BELOYARSKY-4 (BN-800) 804 804
KALININ-4 950 950
KURSK-5 915 915
LENINGRAD 2-1 1085 1 085
LENINGRAD 2-2 1085 1 085
NOVOVORONEZH 2-1 1114 1114
NOVOVORONEZH 2-2 1114 1114
ROSTOV-3 1011 1011
ROSTOV-4 1011 1011
Total 11 7370 915 804 64 9153

Most of theRussiamplants (7370 MWre of VVER-1000 type four loop pressurizedater
reactos. A smilar plant was constructed ifianwan in China. It used the basic design that
was originally planned fahe Loviisa-3 ste by IVO Engineering

Because of the lack of large uranium resegr Russia is also developirfigst breeder
readors. TheBeloyarsky-4 plant is the onef the very few fast reactors undmmstructionn
the world It will have a pool type liquid met fast breeder reactor (LMFBR) thates
sodium aghecooling media.

There are also twdloating nuclear plants naed the Academic Lomonosov under
construction. The name of the plant comes from the Russian scamtistademic Mik hail

Lomonosov (1711:1765. The first plant was launched in St Petersburgheasummer of
2010.

3.6 The Korean nuclear program
Electricity consumption in Sah Korea is increasingonstantly as the country is becoming

industrialized. The growth rate has been 19 TWh anngBibure 3.6.1)and the country
needs about 4000 MW of new capacity each year.
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Figure 3.61 Electricity consumption is growiriy 19 TWh annually in South Korea

The new nuclear capacity under the construction is 5500 MW, which corresponds to about
1100 MW capacity additions annually. Thus the nuclear plants could not cover the growth
and otler power plants will also be needed.

During the last four yeathie constructio of five new nuclear units h&gen initiated:

2007 Shin Kort2, Shin Wolsongl (960 MW PWR)
2008 Shin Kori3 (1340 MW APR.400, Shin Wolsung? (960 MW PWR)
2009 Shin Kori4 (1340 MW APRL400

Shin Kort3 and-4 units represent the new Korean design, which has also been offered
abroad.They are offering the design also to Finland and have made the four unit contract
with theUnited Arab Emirates.

3.7 The Indian nuclear program

Indian electricity consuption has been growing 36 TWh each year (Figure 3.7.1). Thus
about 7000 MWef new power capacity will be needed annually. By 2020 about 70 &We
new capacityis needed to cover the growth, but additional capacity is neededver the
present deficit in capacity.

67



Electricity Consumpionin Indie

1400

1200

1000

800

TWh

600

400
PN
+*®

¢

200

0
1990

1995 2000 2005 2010 2015 2020

¢ History

e Trend

Figure 3.7.1 Electr

icity consumption in India

India has a very ambitious nuclear program and 3500 MW of new nuclear power capacity is

under construction (Table 3.7.1). This includes two VVHERO plants, twdheavy water
plants (PHWR) and one breeder

reactor
huge thorium reso

Table 3.7.1 Indian

urces.

nuclear plants under construction in MWe

Plant VVER-1000 PHWR FBR Total

KAKRAPAR-3 630 630
KAKRAPAR-4 630 630
KUDANKULAM-1 917 917
KUDANKULAM-2 917 917
PFBR 470 470
Total 1834 1 260 470 3 564
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3.8 The Finnish nuclear program after Chernobyl

Finland and Sweden have the highest specific electricity consumptigheiftU (16
MWh/capita). Electricity consumption is still growing in Finland but is not follmyvthe
earlier trend (Figure 3.8). The present forecast for the year 2020 is 98 TWhtangbecific
consumption will be 18 MWh/capita.
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Figure 3.81 Forecast of electricity consumption in Finlandll be 98 TWh in 2020

The main reason for th&ow down of the consumption is the Finnish indyswhich has
been building itsnew factoriesn China and South Korea. Alhe same time several paper
mills have been decommissioned in Finland.

Most nuclear programs the West were ceasedter Clernobyl in 1986 However, the first
new nucleaplantin the EUafter Chernobyl will be commissionéd Finland. The decision

to build a new nuclear plann Finland was made in 2003 Itye Finnish ParliamentThe
construction ofanew 1600 MW EPR nuclear plant in Olkiluoto was started in 2006 and the
plant should be connectauo thegrid in 2013.

The decisionin principle was madein the parliamentn 2010to build additionaltwo new

plants by 2020The owners of the plants TVO and Fennovoima should apply for construction
permit before 2015. Now the utilities are trying to select the reactor suppliers
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In specific nuclear generatigrer capitaFinland was in the second place after Sweden, which
generated 4500 kWh/capitesing nuclear powdan 1981 (Figure 3.82). The highest nuclear
generatio per capita will be in Franc&jnlandand Swedern 2015 They will all generate
about ®00 kWh nuclear poweger capita

Nuclear Electricity Generation
(MWh/per capita)

12

10
8 I\AV'A A .
/ \V/ DA
6 / r2” ~ T " fe— e Finland

=== France

MWh/capita

Sweden

G/6T
086T
G86T
066T
G66T
000¢
S00¢
0T0C
GT0C
0¢0¢

Figure 3.82 Nuclear generation per capita thethree leading contries. Finlandwill have
the highest nuclear generation per capita (ID kWh/capita) after the two planned units
will be in operation in 2020

Finland now hagwo nuclear plants irthe planning stage. Onwill be the Olkiluoto -4

(TVO), bu the site of the other plant (Fennovoinfaas not been determined. In 2020 the
Finnish nuclear capacity will be about 7000 MW. The eleity generation by nuclear plants

will be about 55 TWh or 1000 kWh/capita after the planned two reactors@-and-7 will

be in operation in 2020. Thus the Finnish nuclear power generation per capita would be larger
than in any other country.

The design of the new European plants will folltdve Finnish specificatins, which have
been designefibr core meltdown anthepossible crash of a jumbo airplarfide core catcher
was first proposed by STUK in 1984 BEA meeting. The meetingas attended byhe
former general director of STUKAnNtti Vuorin en andthe present general directauykka
Laaksonen who washe key person inesponsible foreactor safety matters

In the beginning of Olkiluot@ project in 2003 also aircraft crastad to be taken into

account because of the September 11, 2001 terrorist attdbk S Two large airplanes
hijacked by the terrorist hit the two World Trade Center buildings in New York.
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Now, the European safety authorities have a common organizatioich is led by the
presentgeneraldirector of STUK, Jukka Laaksonenit is now becoming clear that every
nuclear plant in Europe will use the same general requirements, which take into account
among other things the meltdown of the reactor core.

The first LWR nuclear plant thabhad the core catcher wasilbun the Tianwan plant in

China Actually the Tianwastype plant in China waplanned in Finland fothe Loviisa3

site by IVO Engineeringn which MSci(Eng.) Tapani Kukkola and myselfwere tke chief

design engineers durinthe years 19786 before Chernobyl. len the Chinese utilities

ordeed two same type VVER1 units. Theyweredesi gned by Kukkol ab
connected into grid in 2006 and 2007

Finland was the firstountry in the worldhat hasdecded where to put the high lewshste

from the nuclear powgglants. Todayhe nuclear waste geologic pEitoryplant in Olkiluoto

is under construction and it will be ready to take the first shipments of waste fuel in about
2020. The waste fuel will bercapsuléd and buried ito therock about 400 meters beldve

sea level.

The two main reasons to build thesewnnuclear units arel) to become independent of
outside electricity an@) to cutCO,-emissions by 2@0% fromthe 1990 level by 2020. The
COx-emissions in Finland in 1990 were 70 million tons. Thesrnttaximum emissions should
be 50656 million tonsby 2020.

The power generation forecast for Finland2i020 isgiven in Table 3.8. Theelectricity
consumptionin 2020 will be about 98 TWh and the @@missions from electricity
generation will be 5 Mt. Thus the specific emissions will be then about 5¢/k\@0. It will
be feasible to replace oilith electricity in the heating and transpiosectors as oil haa
higher CQ content (250 gC&kWh) than electricity

The fossil and biomass fuels have been left for combined heat and power (CHP) plants only.
Othergeneration will be madey using CQ-free technologies. CHBeneration will be 23.4

TWh in 2020. The Finnish C&emissiors will then mainly come fronthe six largest cities,
which have fossil or peat fired CH#ants.

It is possible to increadbe nuclear share even to higher than 60%, but then the nuclear plant
should be designed a<CHP-plant. Actually, the owner dhe Loviisa nuclear plant, Fortum,
has proposedtbuild the next nuclear unit at theviisa site asa CHP-plant andto build a

80 km dstrict heating pipeline tthe Helsinki area. The pipeline could transfer 1QA@DO0

MW of heat to Helsinki and repla¢iee old coal fired plants in the city.

The discussions between the city of Helsinki and Fortum have been in progress for 30 years,
but noagreement has been reached. The-@@issions of the Helsinki area power plants are
about 6 million tons of C@and they are the biggest emission source in Finland.
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Table 3.81 Electricity generation in Finland in 2020

Source Electricity generation CO2-emissions
1990 2009 2020 1990 2009 2020
TWh TWh TWh Mt Mt Mt

CO2-free sources

Nuclear 18,1 27,9 55,0

Hydro 10,8 15,6 13,6

Wind 0,0 0,3 6,0

Biomass 5,0 8,9 9,0

Total 33,9 52,7 83,6 0,0 0,0 0,0
Fossil sources

Coal 9,0 10,8 0,0 6,1 7,4 0,0

Peat 2,8 4,2 4,0 15 2,3 2,2

Gas 4,4 9,4 10,2 1,1 2,4 2,6

Oil 1,6 0,5 0,2 1,3 0,4 0,2

Total 17,8 24,9 14,4 10,0 12,4 4,9
Total generation 51,7 77,5 98,0 10,0 12,4 4.9

Imports 10,7 10,7 0,0 0,0 0,0 0,0
Total 62,4 88,2 98,0 10,0 12,4 49
Change from 1990 41 % 57 % 23% -51%
CO2-content (g/kWh) 194 160 50

However, Fortum did not get the permission to build the Lo\Bigdant, while the two other
applicants got the permission from the Finnish Parliament in 2010. It is now quite obvious
that the Loviisa3 plant will be constructed before 2030, when the lsadi and-2 will be
decommissioned.

If the Loviisa3 plant will be built before 2030 witthe district heating pipeline, then it will
replacethe coal and gas plants the Helsinki area. The C&emissions will be reduced tan
additional four million tos. Thus the reduction in G&@missions would be more than%0
from thelevels in 1990 The two biggest sources of g@missions willthenbe peat and
natural gas. The C@emissions would be about five million tons aheé specific emissions
about 4650 gQO,/kWh of electricity.
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4 CLIMATE CHANGE

4.1 Temperature history

The temperature of tregmosphere has been chempvery much during the life on earth. The
main cause of the past changes wgatar radiation, which is changing constantly according to
the movement othe eath. Thechanges in solar radiation are call@slithe Milankovitch
cycles after Serbian mathematiciaviilutin Milankovic (18791958), who could calculate
solar radiation changes causedlbgychangesn theearth orbit and rotation.

He found that solar radiatiazhanges come from precession (D® years), obliquity (4000

year) and eccentricity (95 000 years) of earth orbits. Sun is a nuclear fusion reactor which is
emitting radiation and aount of radiation depends on thrétors: Hav far the earth is

from the sun, thengleof the earth and intensity the radiation

These changes have caused the ice ages. The net effect of earth orbital changes has been
estimated byM.F.Loutre and A. Berger in Figure 4.1.1 for the last 20000 yearsand
forecasted for theaxt 130000 years. Acaaling to the figure solar insolatidmas had a last

peak about 1000 years ago is now increasing until the next drop will come abod®®0

years after present (AP).
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Figure 4.1.1 Changes in solar mid month insolataré5Nin June Source: Future Climate
ChangesKluvert Academic Pulications 2000)
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Figure 41.2 Temperature history during Holocene period during the lastl2000 years
(Source IPCC)

The present warm period started about5QQ years ago and the ice above tHordic
countries smelted. It has been called as Holocene period (Figure 4.1.2). Thus the living in
Finland became possible and our first ancestors mové&thtand at about 1000 BP. The
global warming by this time was a start of life in these highauties from 60N to 70°N.

The warmest period was about 86R@00 years ago (BP) in the middle of Holocene period.
The temperature in Finland was about Z5higher than today. Some southern trees (hazel)
were growing in south part of Finland by thisi\é@ and also northern mountain tops had trees.
Today the trees and hazels have disappeared because of colder climate. If the climate will
become 2.85C warmer in the future, the trees could come here again.

Then temperature cooled again andinlg 169095 éout 30 % of Finnish population starved
because of three consecutive summers with fr
was covering the whole Europe. In the winter 1695 the army troops of Swedish king Karl X
occupied Denmark and Copenhadsnriding with his Swedisk-innish troops orhe iceto

Denmark

The second cold period was 18658 whenabout 10 % of thé&innishpopulation died for
the same reason. The cold period caused people to leave their farms to search for the food in
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the cities. Thus difficult deceasealled as tyfus spread and killed sevefdius here in
northern latitudethe climate change has had also positive side.

The explanation of thesmld periodsn 1690 BC and 1860 BCan be found in changes is
solar radiation (Figure 4.1.3), which has had typically 22, 88 and 208 year periode
changes sunspots are caused by thegdwin magnetic fields in sun
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Figure 4.1.3Variation of solar spots during last 400 yearsBger et al. 1999)
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Figure 4.1.4 Number of sunspots after year 1&8urce: Wm Robert Jonston, 2008)

75



The sunspots can explain also more recent cold periods. The average number of sunspots was
20 during the famine years 1868 in Finland (Figure 4.1.4)he ten year average number

of surspots started to increase after 1900. This may also explain the global warming in one
hundred year time scale.

The warmer period after 190s beemoticed by annual average temperature measurements
by The Finnish Meteotogical Insttute in Sodankyla (Figure 4.1ad 4.1.6).
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Figure 4.1.5 The 109 yearend of ten year average temperature measurenients
Sodankyla indicates a 0°€ increasdn 100 years

Annual temperature measurements
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Figure 4.1.6Temperature @asurements in Sodankyla {69, Finland
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Long term trend from the measurements shows that the average annual temperature has been
increasing by 0.6C in 100 years. The temperature is increasing at the rate of@@écade.

If the same trend continues the temperature will be°©.®igrer in 2100 than in the year

2000.

The measurement in Sodankyla is one of the only measurements made in Finland which has
no effect of the population density or so
Lapland far from the coast line. Ther@also many city measurements recorded, but these
are not reliable because of the ambient temperature level is affecéendspls generated by

the trafficand heating of the houses.

The measurements in the middle city of Helsinki (KaisanierfiNg8how 1.4°C increasen
temperatue in hundred years (Figure 4.1.KMeasurements in Helsinki have large influence

of the city effect, which has been found in several cities of the world. The temperature in the
cities has been risen more than in othieixcgs. Additionally, the Helsinki is near the sea,
which causes more clouds and rain than places far from the sea.

Ten year average temperatureddgr.C)
in the city of Helsinki (Kaisaniemi)
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Figure 4.1.7The 180 year trend oéh year average temperatumeeasurements the middle
of Helsinki (Kaisaniemiindicate trend of 4 °C increase of temperature in 100 years

The 30 year averagemperatures fronthe years 19041930to the yearsl9712000 from

four sites Sodankyla,Oulu, Joensuu and Helsinkhave been measured by the Finnish
Meteorological Institute. They show that the annual average temperature has inbgeased
0.14°C in Joensuuby 0.46°C in Sodankylapy 0.57°C in Oulu aml by 1.04°C in Helsinki
(Figure 4.1.8.
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Annual Average Temperature
Change in 70 Years
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Figure 41.8 Changes irthe 30 year average temperaturiesfour sites in Finland {C)

If the cities with thenighest(Helsinki) and lowes{Joensuuthanges are omitted, then the 70
year average temperature increase of the two remaiit@sgis0.52°C, which corregonds to
an increase of 0.74€ during100 years.

In Sodankyla hie highest annual average temperature (¥2)5so far was measured the
year 1938when aso the ten year average whg highest (+0.2C) (Figure4.1.6. The ten
year average temperature curve Haml an N-shapeduring the last 100 yearsThe
temperaturén Sodankyldincreased fo28 years from-1.0 to 0.2°C up tothe year 1938.
Then it startedto decrease reachingl.6 °C in 1987 Thereafter the ten yeaaverage
temperature haagainrisento 0.4°C in 2010.

The measurements made in the &lSo indicate Nshape ovethe last hundred year$he
temperature rose in the Uy 0.7°C from 1910 to 1940 and cooled dowy 0.6°C from
1940 to 1975back to 11°C. From 1975 to 2003 theemperature has again risen @ °C
(sourcehttp://www.ncdc.noaa.gQv

The measurement from Sodankyla shakes same shape as the studies madBdey et al.

ARol e of Sun i0om2000d Tiheyavalwated-tioat ticeitemperature has risen in

the Northern Hemisphere frorr0.3 °C in 1850 to +0.4°C in 1980 (Figure 4.1.9). The
increase corresponds 0.7 °C/130 years oto 0.53°C over ahundred years. According to

their studies more than half of the increase of the temperature has been caused by changes in
solar radiation. However, anthropogenic (manmade) reasons have been cheasing
constantly, which mightefer to greenhouse gases.
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Figure 4.1.9 Temperature increasetie Northern Hemisphere (Beer et. al)

4.2 Aerosols

There ardactors in the atmosphere tleuse cooling. Aerosols are small particles of solid or

liquid matter, emitted by industries,

power plants and cars. Adsosan influencethe

formation of douds aswater in the air will concentrate on the surface of aerosols and cause

theformation of small water droplets.

The arth has had cold periods several times in the pas.e@ampleof cooling was found

from 65 million years ago, whetihe d
that a gigantic

inosaus disappeared. The scientists have discovered
ast er oi dcatan pannsukltis cused bugee ar t h

clouds of dusinto theair, which causedtemperature decrease of som&®’C. The ooling

causedthe eartl® surface becoming
enough food to survive

The aerosol emissions started to gro
industryreally staredto produce ne c
plants.

filled with snow and ice. Dinosaurs cadd find

w after World War 1l (Figure 4.2.1), tiwaaatomobile
ars and utilitiestarted to builchew coal fired power
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Annual aerosol emissions in the worl¢
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Figure 4.2.1Aerosol enissiors (Mt/a) according tothree separate studies

After 1990 environmental standards required mandatory particle and sulfur filters placed into
coal fired plants and catalysts into new cars. The emissions of aerosols have been reducing
since 1990.

The cooling effect of aerosols has also been noticedubiear war studies. It was feared
during the cold war period that a nucl ear we
for several years. As a matter of fact some studies find that a nuclear winter would have
larger consequences for human liferttilae radiation caused by the explosions.

According torecent studiesAlan Robock et al 2007) a nuclear war could cause 150 Mt of
smoke emitted intthe atmosphere, which could reduselar radiation with 100 W/frduring

the first year and 20 W/Mafter ten years. This can be compared to fieatubo volcanic
eruption in 1991, which caused.5 W/nf reduction of radiation during the first year.

We the Finns live near Saint Petersburg, which was one of the targets of ballistic missiles
during the cold warThus we have built nuclear shelters for the whole populdbatithere is

no protection against gossible nuclear winter, which could cause disturbancéaad
production and famine as during theld yeas of 16956 and 1865/, or 65 million years

ago, when dinosaurs disappeared.

However,the IPCC has not evaluated what istheal net effect of aerosols on cooling.
Aerosols may explain the-Bhape bthe temperature curve. If aerosol emissions will be
reducing this would mearthat the heating effect of carbon dioxide will become even larger
in the future.
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Dur i ng onescierist vere farecastintipat the Golf stream could cause another ice
age. The change in the Golf streaccuarred in about 9000 BRand the smeltingfoice
stopped for about 25¢ears and caused large sand mountains in Finleodus the Finnsa
newice age would be the end of all life in our country. The ice age has besadted to
come here within sixtyhousand years from nowecause the eéris changing its angle so
that the winer will be longer in the north (Figurel4l).

Now scientistsare warning that the ice iBreenland will disappear and the sea level could
rise by six meters. The sea level raise could end the life in many of dnelssivhich ee
located near the sea level. The landissng in Finland at the rate of 2 mm/yearthus this
will compensate the sea level rise, which has Beg&mm/yearHowever, in other parts of
the world the seawater rise is a real treat.

The biggesproblemof global warmingcould be caused dgnd dryingnearthe equator and
thus causing fame in many countries. Thuglobal temperature changevill in any case
cause problems ifood supply in the north and south.

There isan optimum temperate for the earth, which wouldhinimize hazards to nature and
mankind. r the Northern countries thisowld be higher than today. For the countnesr
the equator it wuld be lower than today.

However, because of the G@missionghe IPCC estimates thalapal temperature will be 2

- 5°C higher in the year 2200 than in prehistorial timess Tould be the same level thhe
Nordic countries experienced in 8000 years.abwe last discussions dfie UN Climate
Change talks it€ancunin 2010 concluded thave should limit the average temperature rise
of theworld to 2°C.

4.3The influenceof CO,

The theorybehind man made warming othe atmosphere was explained by a Swedish
chemist Svante Arrhenius (18531927). In 1896 & madethea r t iOa theinflugnce of
Carbon Acid in the Air upon the temperature in the GraundhePhilosophical Magazine,
where he described that the temgtere on the ground is dependenthedd CQ-concentration

in the atmosphere. He estimated thiaé temperature will ris by 56 °C if the CQ-
concentration would double.

An American astronomgSamuel Langley(18341906) published infrared tables in 1890,
which he had constructed by measuring the infrared radiation of the moon during the sunrise
in Colorado, USA. He alsmeasured how much energy the sun was emitting. In 1878 h
developed a new instrumerthe bolometer, which was able to measure the energy of
electromagnetic radiation. He becarfamous forbuilding the first stam engine powered
unmanned aplanein 1891, which flew about one kilomet before running out of fuel.

Based onL a n g | e y 0 mdiation fables Arehdnius concludétat infrared radiation is
depenént on the CQ-content ofthe atmospere. He deducted th#te infrared radiation
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from the earttshould behavéhe same way. If the C&concentration in thatmospheravill
rise therradiation cannot escape from the earth and the temperature will rise.

The CO,-concentration othe atmospher&vas measured in 1958 by an American scientist
Charles Darwin Keeling (19282005) who didhis first measuremesiof 314 ppn (parts per
million) in Hawaij at Mauna Loal he concentration is now 390 ppm, i ppm higher than
fifty years agdqFigure 4.3.1)

CO2concentration at Mauna Loa
(measured data)
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Figure 4.31 Measured CO2oncentration at Maunaoa (NOAA)

The concentration isBow increasingt the rate of 2 pprdiring the last ten yearf the same
trend continues the concentration will reach 470 ppm by 2050 and 570 ppm b{Fifuoe
4.3.2).

The CQ-concentration has risen from 280 ppm duriihg preindustrial times to 383.7 ppm
in 2007. The cumulative global G@missions from fossil fuels have been about 1237 Gt by
2007 ¢diacornl.gov/trend/emis/tre_glob.htinlAbout 750 Gt (61%) of the emissions have
remained into the atmosphere.
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CO2concentation trend at Mauna Loa (ppm)
(10 year trend)
600
550 —
500 ///
L~
450
400 //
350/
300 =
250
1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
¢ Measured = Trend (10 a)

Figure 4.3.2 The C@concentration willincrease to 570 ppm in 2100 according to fite
year trend line

4.4 CO,-emissions

The CQ-emissions are now very well known from the energy sector, which includes power
and heat generation and transportatlgm¢omn). The CO,-emissions were 22 Gt (Gigatons or
billion tons) in 1990 and 31 Gt in 2009 (Figure 4.4The CO,-emissions were rising with

the rate of 3.8 %/a until the second energy crises in 1979. Tieerd® emissions have been
increasing withL.5 % annually.

One of reasons for thehange inthe CO,-emission trend in thB06 s h a wn&cledr gowar
investments, which have reduct® need for fossil fuels in power generation. However, the
growth in nuclear investments has declined after 1@8@&n Chernobyl stopped many new
nuclear projects.

The cumulative emissions from 198@e now 500 Gt (Figure 4.4.2). Thacrease of C®
concentration in Mauna Loa si@ 1990 (Figure 4.4.3) follows the trendtbe cumulative
COs-emissions If the increas in the concentration is presented as a function of cumulative
emissions, the match is quite perfect (Figure 4.4.4).

After 1990the cumulaive emissions have increased 330 Gt and the concentration of €O
in the atmosphere with 34 ppm during the saime period. If this correlation is valithen6

x 500 Gt B000 G} of cumulative emissions will cause 6 x 34 pf200 ppn) increase irthe
concentration (Figure 4.4.5Jhus the concentration withenbe 354 ppm+80 ppm or 554
ppm. This isabout twotimes the preindustrial level of 280 ppm.
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Figure 4.41 TheCO,-emissions otheenergy sectofSource BP 2010)
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Figure 4.42 The amulative C@-emissions after 1990
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Increase in CO2oncentration since 1990
(Mauna Loa annual average)
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Figure 4.43 Increase irtheconcentration since 1990
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Figure 4.4.4 Thencrease othe concentration at Mauna Loand cumulative emissions since
1990
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Figure 4.45 The brecasted C@concentration will increase by 200 ppimthe cumulative
emissionwvill reach 3000 Gt
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Figure 4.4.6The critical 560 ppm level will beexceededf the cunulative emissions
will reach 3M0 Gt The target level of 450 ppm will be exceeded at 1500 Gt
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Cumulative emission trend since 199
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Figure 4.4.7 The wumulative emissions will grovo 2800 Gt in the year 2100 according to
thecurrenttrend

The CQ-concentration in Mauna leowas 354 ppm in 1990 and 388 ppm 002 The
increase irthe concentration after 1990 has been 34 ppm with 500 Gteéd@ssions. The
critical level of concentration has been said to be two times the preindustrial level of 280
ppm. This level of 560 pprwill be achievedf the cumulative emissions exceed 3000 Gt
(Figure 4.4.6). Trend ithe cumulative emissions shows that the emissions will reach 2800
Mt by 2100 (Figure 4.4.7).

4.5The amission targetsfor fossil fuels

4.5.1 Cumulative emission targets

According to historic data(Carbon dioxide Information Center. ornl.gothe global
emissions othe energy industry &ive been 10.3 Gt of carbon the year 1900 and 173.5 Gt
by 197Q Globalemissions have been about 180 Gt of carbon (661 Gt ¢f QDing the
years 19011985.

The thirty year average temperatures in Finland from B@D1o 19762000 show a
temperature increase of 0.82 during seventy years time (Chapter 4/f)ve assume the
other things have staydle same, thethe 661 Gt emissions have caused.52°C change in
thetemperature (0.79C/1000 GtCQ).
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The UN climate negotiations in Cancun have given a common target to limit the temperature
change to 2C from preindustrial times. Then this°2 change will be reackde when the
cumulative emissions will be 2/0.79 x 1000 @t2530 Gt

In the articleof Nature/4.3/ Myles R. Allen et. alestimated that 1 trillion tons of carbon
(3670 GtCQ) emissions can causeglobal temperature increasedfC. The sensitivity of
emissions tothe globaltemperature would be 2C/3670 Gt or 0.54 °C/1000 Gt. This
sengivity estimate is lower than th&79°C/1000 Gtevaluated by the author.

Because 13b GtCQ emissions haw released by mankind until 2Q1then he maximum
emissions after 2010 are 2536857 Gt or 1173 GtCOaccording my estimatest this is
divided evenly for years from 2011 to 2100 annual emissions can be 13 GéC@ear in
averageMyles R. Allen estimates the maximum emissions after 20d0ld be 367@L357
Gt, or 2313 Gt. This would be 26 GtGQer year.

In theory the 1173 Gt emissioean be achieved by reducitige emissions from 30 Gt in

2009 linearly by 0.42 Gt each yedrhen the annual emissions would zexo in the year
2083. Becaus of the long investment cycles of power generation this cannot be realized in
practice. Actually, the emissions are still growing because of the ongoing investments to
fossil fired power plarst Thus severahrgets will be needed.

4.5.2 Targets for eneryg industries

Mankind cannot change its behavioroine year, thus | am propositarges for years 2050
and 2100. By2050 the maximum Cgemissions should not excedde 1990 level (20
GtCQ,). If the population forecast is 9.15 billion (Table 4.5.1), tleximum CQ-emissions
should be 2.2 tons per capifde reduction in 40 years from 30 Gt to 20 Gt would mean 1 %
reduction each year.

The emissios by 2100should be 8% lower than in 1990or 4 Gt.The reduction wouldbe
then from 20 Gt to 4 Gt or98 peryear. With 9 billion people the emissiolevel in the
individual countries should not exceed 0.45 tons per capital0Q Thus the reduction
needed in NortiAmerica and Japan should be 97%, in Europ @Bd China 93% frorthe
20009 level.

In my opinionthe emission targets diie individual countries should be developew aper
capita bas. Theforecast indicate thahe population level will be stabilized #te 9 billion
level by2100(Table 4.51). There will be two targets faheyears 2050 an@100:

EMISSION TARGETS FOR ENERGY INDUSTRY
1) 2050 less than 2.2 tC&capita,

2) 2100 less than 0.45 tC&rapita
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The reductios needed byhe countries depenan the presentevek (Table 4.5.2). The
highest reductions aneealed in North America (85%)]apan (82%) and European Union
(73%). The reductions needed in China should . 58frica and India can increase their
emissions without reaching the limit of 2.2 tons per capita.

Table 4.5.1 Population forecast to 2100

Population in millions
1990 2009 2050 2100

North America 284 349 448 500
European Union 470 501 500 425
Other Europe 383 383 385 300
Japan 124 127 102 70
Latin America 442 582 729 726
Middle East 211 211 354 520
Africa 622 982 1931 2238
China 1156 1346 1417 1189
India 849 1198 1614 1458
Rest of Asia Pacific 739 1120 1670 1574
Total 5280 6 799 9 150 9 000

. .
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Table 4.52 CO-emission targets fahe energy industr{2.2 tCQ/capita in 2050 and 0.45
tCO,/capita in 2100)

CO2-emissions Emission history Emission target Reduction from 2009
of energy industry 1990 2009 2050 2100 2050 2100
Mt Mt Mt Mt % %

North America 5968 6 545 996 226 -85 % -97 %
European Union 4479 4 066 1111 192 -73 % -95 %
Other Europe 4171 2784 856 136 -69 % -95 %
Japan 1163 1222 226 32 -82 % -97 %
Latin America 984 1596 1621 328 2% -79 %
Middle East 734 1799 787 235 -56 % -87 %
Africa 690 1 066 4291 1011 302 % -5 %

China 2477 7518 3149 537 -58 % -93 %
India 581 1539 3587 659 133 % -57 %
Rest of Asia Pacific 1427 299 3712 711 24 % -76 %
Total 20 336 31130 20 336 4 068 -35 % -87 %

4.6 The emission targes for electricity generation in 2050

Power generation caused 10.6 Gttbé CO,-emissions in 2009. This was 34 % of all
emissions caused lilge energy industryThe world slectricitygeneration was 20 090NV h
and the specific emissions were 526 g®&W/h (Table 4.6.1).

Table 4.6.1The pecific emissions of electricity generationg@O,/kWh

Specific emissions| Emission history

of electricity 1990 2009
generation g/kWh g/kWh
North America 575 514
European Union 501 387
Other Europe 422 320
Japan 457 479
Latin America 168 196
Middle East 675 641
Africa 735 679
China 750 736
India 731 753
Rest of Asia Pacific 603 605
Total 528 526
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The emission targetsalie been calculated for 205Taple 4.6.2 by assuming the same
redwctions in power generation as for tbter energy sectors. The target emissions in 2050
should be 6.3 Gt per yeair 690 kgCQ/capita and 1.25 Gt per geor 140 kgC@capita in
2100.

EMISSION TARGETS FOR ELECTRICITY GENERATION
1) 2050 less tha®90kg CO./capita,

2) 2100 less thari40kgCO,/capita

Table 4.6.2 C@emission targets for power generation

CO2-emissions of Emission history Emission target Reduction from 2009
electricity industry 1990 2009 2050 2100 2050 2100
Mt Mt Mt Mt % %

North America 2179 2591 307 70 -88 % -97 %
European Union 1288 1231 342 59 -712 % -95 %
Other Europe 843 605 263 42 -56 % -93 %
Japan 384 534 70 10 -87 % -98 %
Latin America 85 213 499 101 135 % -52 %
Middle East 162 485 242 72 -50 % -85 %
Africa 233 429 1321 311 208 % 27 %
China 466 2742 969 165 -65 % -94 %
India 208 655 1104 203 69 % -69 %
Rest of Asia Pacific 412 1090 1143 219 5% -80 %
Total 6 259 10 574 6 259 1252 41 % -88 %

Some could claim that will be difficult to reach 906 reductions in some industrialized
countries. This is true but the industrialized countries are the ones that have the most
powerful means to generate emission free electricity: nugleaer. Then the reduction of
CO,-emisson could be sharely nuclear power and renewable energy.

4.6.1North America

Thereduction ofthe emissions caused blectricity generation in North America should be
reduced with88% by 2050 and 9% by 2100. Ifconsumption remains at the same levak t
can be achieved lmgducing thespecific emissions from 514 gG&Wh to 62 gCQkWh by
2050.

This means that practically 99of electricity should be generatbg using CQ-free sarces
in 2050. Then in 2100 in practied of electricity generation should be G®ee.
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4.6.2The European Union

Thereductionof emissions caused l®fectricity generatiom the EU shouldbereduced with

72% by 2050 and 95 by 2100. If the specific electricity consumption remains at the same
level, then the specific emissions should be redutom 387 gC@kWh to 108g/kWh by
2050. In 2100 the specific emissions should be 19 g/kWh and practically all electricity should
be generatelly using CQ-free sources.

4.6.3Finland

The countries with the highest specific electricity consumption shbale the lowest
specific emissions. The forecasted electricity consumption in 205Biritand is 117 TWh
and the specific electricity consgtion for 5.4 million Finns woulde 22000 kWh.

Assuming that thetarget for emissions caused bglectricity geneation will be 690
gCOy/capita by 2050 the specific emissions of electricity generation should be less than 31
gCOJ/kWh in 2050. Because difie recent decisions of building two new nuclear plants and
more renewable electricity, the emissions will be tessm 50 g/kWh alrady in 2020 (Table
3.8.1). It would not be difficult to reactme 30 g/kWh level by 2050.

4.6.4China

Thereduction needed in China is%5rom the 2009 level. The specific emissions in China
caused by electricity generation were 738/ in 2009. The emissions should be less than
258 g/kWh in 2050, if the specific camaption will not grow. Thusonfossil electricity
generation should be at leaste®f all electricity generated in 2050.

But actually the specific consumption of dhemty will grow and the specific emissions
should be much lower. The forecasted eletyriconsumption in China i8000 kWh/capita.
Thus the 690 gCg&capita targeimears that the specific emissionshould be less than86
gCOJ/kWh. This mears that 906 of electricity should be generatdny using norfossil
electricity sources.

4.6.5India and Africa

The target forindia would allow an increase of emissions until 2050, but by 2100 the
emissions should beduced to 1990 level. Thimears a 69 reduction of emissions from
the presentievel. Thus it would be besiot to increas¢he emissions at presenThey caild

sell the emission rigktto other countries un@050.

Africa shouldas well reduce its emissions in the long run b%Zeom the pesent level by
2100. They can sell the emission rights to other countries until 2050.

4.7 Emission reduction argets for individuals
The 2.2 ton per capdt emission target for 2050 mighe very challenging for indiduals.

However, the target foindividual households should be even harder, because most of the
energy use will be formed by public and isthial consumption. | have kefite ;e ton per
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capita as théarget forh o u s e h o | d s ThelBnergyysdbbaorkd ook 6 ( Ekoene
2009). We estdished Ekoenergo Ltd with my family for energy saving consultatiduring
the second energy crgsin 1979.

4.7.5 Householdenergy consumptiontargets

| and my wife Sinikkanow have a city home &3.5 nf with one sauna, a 100°mummer
homewith two saunas and two cars. Thaadysis given in the book indicates that our family
was using 5@00 kWh of energyn 2008. The pergy consumption of our two homes was 30
000 kWh and our transportation energy consumption wa3@kwWh in 2008. The CO
emissionof our energy consumption was 8000 kgd@r two homes and 5200 kgGQor
transportation. Thus the total emissions in 2008 wel@0DXgCQ or 6 600 kg per person.

In 2010 the home energy consumption was stilD80 kWh for our two homes, but we have
bought all eectricity (14500 kwh) fromrenewable sources and reduced the-ERissios
with 2170 kgCQ(Table 4.7.1).

Another reduction has been made by our district heatngpany Fortum, which has budt
new gas fired CHP plant imur home towrEspoo in 2009 and reduc#tk specific emissions
of district heat from350 g/kWh to 250 g/kWh. Thus tH@O,-emissions ofour two homes
have droppe from 8000 kg to 3100 kg, i.€60%. The CQ-content in district heating will be
reducedto about 200 gCO2/kWby 2020and thusthe per capita emissionowld drop to
1200 kg/person.

The next target would be to drtipe householémissiondelow 0 kgCQ per person. This
will mean buying electricity and heat from @f@ee sourcesThis couldhappen by2030, if
the cities ofHelsinki and Espoowvould start buying heat from the nearby Loviisa nuclear
power station, which is moheatingonly the seavith about 2000 MWbf thermal power

Another possibility would be to move to a house that hadeatric or heat pump heating
system. It is worthwhile to note that our summer houseois alreadyCO,-neutral. It is
causing emissions only indirectly becauséhef necessityo go there by private car.

4.7.6 Transportation energy use

In 2010 the energgonsumption of our two cars has dropped fron0Q@8 kWh to 13000
kWh, when we sold our galine SUV (8.0 liter/100 km) and boughtdiesel engine car (6.5
liter/100 km). This dropped the G@missions with 300 kgC{jTable 4.7.2).

Our second car will ab reduce emissions, because all gasoline sold in Finland-1@% 5
ethanol, starting from January 2011.

Another big saving (3000 kWh) was achieved when | practically stopped flying. | used to
make one intercontinental flight annually. This was during mpleyment years as general
manager of energy engineering. My last flight was in 2009 to New Delhi to describe
optimization of power systems to the Indian Electricity Office.
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Table 4.71 The enissiontarget for our two homes

Home emissions History Targets
2008 2010 2015 2020 2030
Home 1 (83 ) Consumption kWh 2500 2500 2500 2500 2500
Electricity Emission/kWh gCQ/kWh 250 - - - -
Emissions kgCQ 625 - - - -
Heat Consumption kwWh 12 500 12500 12500 12500 12500
Emission/kWh gCQ/kWh 350 250 250 200 50
Emissions kgCQ 4 375 3125 3125 2 500 625
Home 2 (100 m2Zronsumption kWh 12 000 12 000 12 000 12 000 12 000
Electricity Emission/kWh gCQ/kWh 250 - - - -
Emissions kgCQ 3000 - - - -
Heat Consumtion kWh 3000 3000 3000 3000 3000
Emission/kWh gCQ/kWh - - - - -
Emissions kgCQ - - - - -
Total Energy kWh 30 000 30 000 30 000 30 000 30 000
Emissions kgCQ/a 8 000 3125 3125 2500 625
kgCO2/person] 4000 1563 1563 1250 313
Table 4.72 CO,-emissiortargets for transportation
Transportation emissions History Targets
2008 2010 2015 2020 2020
Carl Emission/km  gCQ/km 190 170 30 30 30
Driving km/a 15000 15 000 15 000 15 000 15 000
Emissions kgCQ 2850 2 550 450 450 450
Car 2 Emission/km  gCQ/km 220 220 200 30 30
Driving km/a 5000 5000 5000 5000 5000
Emissions kgCQ 1100 1100 1000 150 150
Flying Emission/km  gCQ/km 120 120 120 120 120
Flying km/a 7000 700 700 700 700
Emissions kgCQ 840 84 84 84 84
Bus Emission/km  gCQ/km 110 110 100 130 130
Bus travel km/a 4000 500 500 500 500
Emissions kgCQ 440 55 50 65 65
Transportation emissions kgCQ/a 5230 3789 1584 749 749
kgCO2/person 2615 1895 792 375 375
Home emissions kgCQ/a 8000 = 3125 3125 © 2500 = 625
kgCO2/person| 4000 1563 1563 1250 313
Total emissions kgCQ/a | 13230 = 6914 4709 = 3249 = 1374
kgCO2/person] 6615 3457 2 355 1625 687
Index 100 % 52 % 36 % 25 % 10 %
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Our CO,-emissions frontransportation are now 08 kgCQ lower than in 2008 or 379
kgCOy/a. Ou total emissions are still 693@CO, annually or 350&kgCO,/capta. However,
we have achieved48% savingin emissionsn justtwo years.

Our next step could be plug in hybrid car, which should be coming tbe market within
two years time. Then the emissions from transportatould be reduced to aboutQIB
kgCO; and the total emissions to @¥ kgCQ by 2015. This would be 64 lower thanthe
emissions in 2008.

In that caseabout 706 of the emissions would be coming frafistrict heating.District
heating could become practically &®ee by 2030 iHelsinki will start to buy heat frorthe
Loviisa nuclear power plant.

| am wonekring whatNobel Prize winne Al Gore will do? He has made great speeches on
climate change, but according to public data he consume®@R2&Wh of electricity
annually and probably also the same amount of fuels. Thus his energy consumption in one
month was abduhe same as ours in one year.
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5 PREFERABLE ELECTRICITY SOURCES

5.1 Forecasting future electricity consumption

According to UN estimates theond population will grow to 9.15 billion by 2050. The
population willthenstart to diminish after 205@nd will be 9 billionin 2100 (Table 4.5.1).

Thew o r | etbdrigity consumptiorwas 20 09 TWh in 2009 Table 5.1.1) and the specific
consumptio was 2900 kWh/capita (Table R2). The highest specific consumption was in North
America (14 500 kWh/capita) and the lowest iniédr(640 kWh/capita).

Table 5.11 Electricity consumption forecastaneby the author

Electricity History Forecast
consumption 1990 2009 2050 2100
TWh TWh TWh TWh
North America 3 786 5042 6 913 7 865
European Union 2 570 3182 3876 3637
Other Europe 2 000 1888 3 237 3131
Japan 841 1115 1 245 899
Latin America 507 1082 2484 3329
Middle East 239 756 2770 5404
Africa 316 631 2 225 3904
China 621 3725 11 951 13 344
India 284 870 2 299 2 875
Rest of Asia Pacific 682 1802 4 895 6 155
Total 11 847 20 094 41 895 50 541

The forecated electricity consuption will grow to 42 000 TWh by050 and will be 5600
TWh in 2100.The biggest growth will happen in China, whiwill be thebiggest consumer of
electricity by 2050 withconsumptionof about 12000 TWh. The popation in China will be
about 1.4billion by 2050, thus the spemfconsumption will be about 8 400WVh/capita. This
will correspond with the specific consumption ire tBU.

The onsumption of electricity ilNorth America will grow from 5040 TWh in 200@ 7870
TWh in 2100 or with 5%. In 2100 lhe specific electricity consyption has been forecasted to be
16 000 kWh/capitgTable 5.1.2)

The consumption ithe EuropeariJnion will increase from 3360 TWh to 3640 TWh by 2100 or
with 8%. The specificonsumptionEU27-area will ise to about $00 kWh/capita by2100. In
2008 he highesspecific consumption in the EUzfeawas in Finland or 1600 kWh/capita.
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Table 51.2 Speific consumptiorof electricity

Specific electricity History Forecast
consumption 1990 2008 2050 2100
kWh/capita kWh/capita| kWh/capita kWh/capita

North America 13 355 14 467 15 420 15 730
European Union 5463 6 351 7754 8 557
Other Europe 5228 4 927 8 406 10 435
Japan 6 810 8 766 12 240 12 841
Latin America 1149 1 858 3 406 4 586
Middle East 1657 3 586 7 824 10 392
Africa 509 643 1153 1744
China 538 2 768 8 434 11 223
India 335 726 1425 1972
Rest of Asia Pacific 846 1 567 2 930 3910
Total 2 244 2 942 4 579 5616
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Figure 5.11 The forecastedlectricity consumption of the world by continents
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5.2 Priorities in electricity generation

5.21 Renewablesnergy programs in somecountries

Becauseof CO,-emissions most of countridesve preferablelectricity sources. These include
renewable sources and combined heat and power (CHP) plants. Some of them are favored by
subsidies or feed in tariffs, which make them profitable.

The EU has prioritized renewablenergysources so that ¢y should cogr 20% of the final
energy use b2020. Theshare ofenewable electrity should be raised to 38 by 2020.

Finland shoud raiseits share of renewable enerfyjpm 28% to 386 by 2020. This willmainly
be done using wood in the heating boileaed CHP plants and wind power fetectricity
generation. Also feeth tariffs have been introducddr wind power generation and windwd
take aboushare of 5%of all electricity by 2020

The UK has a long term program to increatserenewableenergyshareto 136 by 2020. The
share of renewable electricighould increase from 5% to &Pin 2020in the UK Also small
scale and noro generation should cover2% of electricity. The UK has introducedthe
Renewable Obligation (RO) and feedtariffsin orderto reach the goals.

In Germanythe feed in tariffs forenewable energy sources has increased the solar and wind
capacity very rapidly. The country airtsproduce 35% of electricity by 2020 and8®y 2050
by usingrenewable sources.

Many of the US gdates have same kind of systenalled theRenewable Pdiolio Standard
(RPS), targeted to raise the renewable shareelectricity generatiorby 2020to 33% in
California, 30% in Colorado, 27% in Connecticut ande2h Kansas Most of theUS states
similar targets.

Also China has nowet atarget to increasis renewablesnergyshareto 136 by 2020. China

has a program to install 500 GW of renewable electrical capacity by 2020. Hydro capacity
additions will be 300 GW, wind 150 GW, biomass 30 GW and stlaGW. This will make
China the biggest producer of renewable power.

It should be noted that nuclear plants are not favored by most countries. Several countries have
programs to close down the existing nuclear plants. However, China has a program s increa

its nuclear capacity to 80 GWe by 2020, to 200 GWe by 2030 and to 400 GWe by 2050. Thus
Chinaés nuclear power <capacity in 2050 would
However, this is much less than the target of 500 GWe renewable pfe2022®.
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5.22 Capacity planning

In the next chapters a forecast of future generation in different parts of the world until 2100 will
be given. The forecast have been made using a capacity planning model developed by the author.
It includes capacitpdditions and retirements and the optimum running of the operating plants.

In the capacity planning of electricity systeror the years2050 and 2100t is therefore
assumed that newable energy sources have first prioritpntbined heat and power plantsl

be built after renewablplants as second priority.udlear plants come after CHP plants in third
priority.

Fossil fired plants will be built after nuclear plants fiourth priorty starting withgasand oil
plants. @al plants will be built only ithere will still be aneed for additional capacity after all
theother plants

PRIORITIES IN CAPACITY PLANNING

1 Renewable plants (hydro, wind, bio, solar)
2 Combined heat and power plants

3 Nuclear power plants

4 Fossil power plants

5.3 Hydro

The main sources of renewableatieity are hydro, wind, biomass and soldydro energy has
been the biggest renable source of electricity up twow. The world &ydro generatiorwas
3200 TWh in 2009 (Figure 5.8). The forecasted hydro generation will increase to 5300 TWh in
2050 and to 6500 TWh in 2100 (Table 5.3.1).

Table 5.31 Generation of hydro electricity

Hydro generation Hydro share of generation
Area 2009 2050 2100 2009 2050 2100
TWh TWh TWh (%) (%) (%)

North America 700 816 906 13,9 % 11,8 % 11,5 %
European Union 323 327 327 10,2 % 8,4 % 9,0 %
Japan 477 499 515 25,3 % 15,4 % 16,4 %
Rest of Europe 74 74 74 6,7 % 59 % 8,2 %
Latin America 682 1197 1313 63,0 % 48,2 % 39,4 %
Middle East 12 21 29 1,6 % 0,8 % 0,5%
Africa 99 384 1088 15,7 % 17,3 % 27,9 %
China 585 1 467 1639 15,7 % 12,3 % 12,3 %
India 115 252 324 13,2 % 10,9 % 11,3 %
Rest of Asia Pacific 159 238 262 8,8 % 4.9 % 4.2 %
Total 3232 5274 6475 16,1 % 12,6 % 12,8 %
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Hydro Electricity Generation
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Figure 5.3.1 The forecast for hydgeneration

The share of hydrpowerwill decrease from 16% to 13% of electricity generation. The highest
hydro share in 2100 will be in Latin America (39%). The hydro share will increase to 28% of
generation in Africa, when most of the availatdsources will be built.

Hydro resources have been exploited in most European and North American countries. There
are, however, a lot of economical hydro resources in Sédotérica, Africa, China, India and in

the Rest of Asia. China has the largest cosibn program with more than 60 GWe of new
hydropower capacity under construction. There are also several large above 1000 MW hydro
plants under construction in Argentina, Venezuela, India and Russia.

Hydro plants require large investments into powengsland transmission lines. Additionally the
hydro storage reservoirs sometime require relocations of several cities or villages. Because hydro
years have great variations, also reserve capacity for dry years is needed to be built.
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Figure 5.4.1 W\hd paver has becene the most important source of renewable
electricity in Germany

5.4Wind power

Wind energy has now the biggest growth potentiakll renewableenergyuntil 205Q The
technology is already commercial in high wind areas, where the awenagjspeed is more than
7 m/s. It is also coming commercialoffshore installations, ifonditions are good.

Investments ito wind energy are now increasing at a rapid spkea009 about 3800 MWe of

new wind powercapacity was added into power system (Figure 5.4.2). The largest investors
were North Americathe European Union and China. In 20@hina was the biggest investor
with 13000 MWe of new wingphowercapacity.

The cumulative wind power capacity in the wolddnow about 20GW. Thus wind power can
generate about 46800 TWh of electricity. The share ofind of power generation was ¥6of
electricity generation in@9. Denmark generates abouf0f its electricity with wind power
and has plans to increag® wind share to 38. It has very favorable winds in the coastal areas
of the North Sea.
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Annual Capacity Additions of Wind Turbines
Ten-year trend

80 000

70 000 /
60 000 /
50 000 /

40 000 *®
30 000
20 000 =
4
10 000 °
L eoceee ),4

(Mw)

1995 2000 2005 2010 2015 2020

| ¢ ActualMW ===Trend MW |

Figure 5.4.2The @pacity additions of wind power plantSource BP Energy Statistic 2011)

The US has also made plans to reach a 30% wind share. The beare@adre in the Midwest
on the eastern side of the Rocky Mountains. In the US the investments have been fluctuating
depending on the tax benefits of the Federal Government.

It has been estimated that annual wind and wave capacity additions will reaGWL6¢9 2100
(Figure 5.4.3). Wind power generation will then grow t609 TWh by 2050and 12000 TWh
by 2100 (Table 5.4.1Wind will generate about 13% of electricity in 2050 and 24% in 2100.

Table 5.4.1 Wind and wave electricity generation

Wind and Wave Generation Wind share
Area 2009 2050 2100 2009 2050 2100

TWh TWh TWh (%) (%) (%)
North America 56 1346 2176 1,1% 19,5% 27,7 %
European Union 127 751 1041 3,8% 19,4 % 28,6 %
Japan 5 206 604 0,3% 6,4 % 19,3 %
Rest of Europe 4 48 150 0,3% 3,8% 16,7 %
Latin America 2 177 730 0,2 % 7.1% 21,9 %
Middle East 0 104 620 0,0 % 3,8 % 11,5 %
Africa 1 150 884 0,2 % 6,8 % 22,6 %
China 24 1835 3528 0,7 % 15,4 % 26,4 %
India 19 304 553 2,3% 13,2 % 19,2 %
Rest of Asia Pacific 5 362 1846 0,3 % 7,4 % 30,0 %
Total 244 5284 12 134 1,2% 12,6 % 24,0 %
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Figure 5.4.3 The brecasted capacity additions of wiadd wavepower
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5.5 Biomass

The largestpotentialsource for the biomass energy is the forests. However, the forest area in
world hasreducedrom 4160million in 1990 to 4030 million hectares 2010 (Table 5.5.1). The
largest reductiamhave beem Latin America and Africa.

Table 5.51 Forest area (FAQO010)

Forest area (Mha) History Change from 1990
1990 2000 2010 2000 2010
North America 676,8 677,1 679,0 0,3 2,2
Latin America 978,1 932,7 890,8 |- 454 - 87,3
Europe exl| Russia 180,5 189,0 196,0 8,5 15,5
Russia 809,0 809,2 809,0 0,2 -
Africa 749,2 708,6 674,4 |- 40,6 - 74,8
Asia 576,1 570,2 592,5 |- 59 16,4
Oceania 198,7 198,4 1914 |- 03 - 7,3
Total 4168 4085 4033 |- 83 - 135

If the wood removal rate in the whole world would be the same Bmiand (Table 5.5.2), the
world wouldbe using 11.2 billion rhof wood. This ishe ultimate potential of biomass resource
utilization in the future.

Electricity generation from wood biomass in Finland was 10.1 TWh in 2005. This corresponds
specific eletricity generation of 0.46 MWh/ha. If adif theworldé #orests would be developed

to reach the same specific electricity generation as in Finland, the biomass electricity generation
from wood fuels would be 1840 TWh. This is considered to be the pdtetietricity
generation in 2100.

Table 5.5.2 Wood removal in Finland (FAO 2010)

Removal rate in Finland 1990 2000 2005
Forest area Mha 21,90 22,50 22,16
Wood removal

Roundwood Mm3 43,84 55,72 55,15
Fuelwood Mm3 3,37 5,11 5,93
Total Mm3 47,21 60,83 61,08
Removal rate m3/ha 2,16 2,70 2,76

Wood fired biomass powemplants have been built for several decatly the paper industry
companies fomakingpulp, where about 36 of the energy contents of the wood will be burned.
The steanwas used ithepaper making process and also to generate electricity.
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Today, also municipal pwer companies have built CHBants, which generate heat ftire
district heating networkCHP phnts generatabout30% of all electricity and about 36 of the
heat needed in Finland and Denmaifie latest biomass plantas taken into commercial
operation in Finland in Lappeenranta201Q The plantcan generate 125 MWe electricity,
152 MW of seam forpaper mils and 110 MW of hot water for thistrict heating network of
Lappeenranta city.

Also liquid biofuel (LBF) power plants have been built in EU countries, which have introduced
feed in tariffs One of the latest plantstise 50 MWe Uniga LBF plant in Italy. It has three 16
MWe diesel engines and a 6 MWieam turbine. The main fued palm oil. The benefit of palm

oil is that it has the best yield per hectare of any vegetableTbiésbest sites in Malesia give
four tonsof palm oilper hectare. A 50MWe plant running 8000 h/would generate 4DGWh of
electricity. The palm oil neefbr the plant, which had8% of electrical efficiencyis 83 000 tons
annually This can be produced with POO hectares of palm tree foreJthe electricity
generation Wi then be about 2000 kWh per hectare.

Biomass power plants have alseenbuilt by using biogas. fie typical instalation uses landfill
gases irD.1-5 MWe gas engines. The largest biogas plant in Finlancali&sMWe output. The
largest short term potential fmomass energy comes from forest wood removals, which have
been about 3 Giannuallyin the world This corresponds$o about 5000 TWh of primary
energy. However, only 1.4 Gh2400 TWh) of wood is used directigr energyproduction.

The estimated capacity additions of biomass plants will grow from @ B\2010 to 12 GWin
2030 (Figure 5.5.1) The forecastee@lectricity generatiorby biomass will reach 1200 TWh in
2050 ad 1570 TWh in 2100 (Table 5.5.1

Table 5.5.1Share of biomass and waste in electricity generation in 2050

Biomass electricity generation Share of biomass
Area 2008 2050 2100 2008 2050 2100

TWh TWh TWh (%) (%) (%)
North America 32 110 142 0,6 % 1,6 % 1,8%
European Union 36 251 227 1,1% 6,5 % 6,3 %
Japan 3 132 271 0,2 % 4,1 % 8,7 %
Rest of Europe 21 93 23 1,7% 7,5 % 2,6 %
Latin America 25 166 111 2,3% 6,7 % 3,3%
Middle East - - - 0,0 % 0,0 % 0,0 %
Africa 0 36 438 0,1% 1,6 % 1.2%
China 9 221 448 0,2% 1,8% 34%
India 5 70 94 0,6 % 3,0% 3,3%
Rest of Asia Pacific 17 110 204 0,9 % 2,2 % 3,3 %
Total 148 1189 1570 0,7 % 2,8 % 31%
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Figure 5.5.1 The forecastedoimass capacity additions
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The growing stock of théving forests has diminished B9 Gnf during the lastwenty years
(Table 5.5.2). The biggest losses have happened in Latin America and Africa.sBhisgobeen
caused mainly by reducing therest area The specific stock of living forest has beenwing
from 127 ni/ha to 131 rfha.

Table 5.5.2The hiomassstockin theworldd growingforestsin Gnt (Source FAO 2010)

Growing stock (Gm3) History Change from 1990
1990 2000 2010 2000 2010
North America 74,9 76,9 82,9 2,0 8,0
Latin America 195,7 187,9 180,7 |- 7,8 - 15,0
Europe exl| Russia 23,8 27,5 30,5 3,7 6,7
Russia 80,0 80,3 81,5 0,2 1,5
Africa 83,0 79,9 770 |- 31 - 6.1
Asia 51,3 52,5 53,7 1,2 2,3
Oceania 21,3 21,4 20,9 01 - 04
Total 530,1 526,5 5272 |- 36 - 29
Specific (m3/ha) 127,2 128,9 130,7 1,7 3,5

Biomass energy generation today also includes waste plants. In long term a biomass source will
also be various sea bactenehich could generate hydrogen, methane or other biomass energy
sources by using sunlight. It has been estimated that now about 1 % of energy sun radiation has
been converted into biomass. With the new plantation this ratio can be increased to nearly 10%.

5.6 Solar power

Solar powersg also coming mto the market place. It has begsed commercialljn small scale

in off grid applications for a long time. Photo voltage (PV) cells have been excellent source of
electricity in offgrid summer cottages. Théyve been used in Finland faynse twenty years

and some 1% (50000) of all Finnish summer cottages have solar electricity.

Now also grid connected RSystems have been built (Figure 5.6.1) by utilities. Most of the
small installations have been builb ¢the roof tops of residential and commercial buildings.
Some countries have ablished special programs thgive subsidies or feeuh tariff for 20
years. Germany and Spain have been leadingelelopment in Europe. Théypth havemore
than 20 largg>20 MW) PV power plants on the gridn 2009 capacity of thaew PV power
plants connected on the gids 7300 MWe
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Figure 5.6.1 A largedar PV power plant

Table 5.61 The kare of solar electricity generatian 2050andin 2100

Solar electricity generation Solar share of generation
Area 2009 2050 2100 2009 2050 2100
TWh TWh TWh (%) (%) (%)
North America 2,6 199 2089 0,0 % 29% 26,6 %
European Union 24,1 572 804 0,7 % 14,7 % 22,1 %
Japan 0,4 15 298 0,0 % 0,4 % 9,5 %
Rest of Europe 3,9 49 146 0,3% 3,9 % 16,3 %
Latin America 0,4 15 299 0,0 % 0,6 % 9,0 %
Middle East 0,4 28 1425 0,1% 1,0% 26,4 %
Africa 0,2 14 713 0,0 % 0,6 % 18,3 %
China 0,5 80 2164 0,0 % 0,7 % 16,2 %
India 0,6 27 567 0,1% 12% 19,7 %
Rest of Asia Pacific 0,6 30 979 0,0 % 0,6 % 15,9 %
Total 34 1026 9484 0,2% 2,4 % 18,8 %

The largestsolar power plants are concentrating solar thermal (CST) plants, whiare so
radiation is concentrated int@ steam boiler plant, which generates steamafoonventional
thermal power plant. Spahas now seven large20 MW) solar thermal plants on theid, The
largest plant haa 354 MW capacity and it has been builtive Mojave Desert in California. The
total installed CST capacity in the world is now about 1000 MW and there is 1900f\Méiv
capacity under construction.
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Figure 5.6.2 The forecasti annual Solar capacity additions
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There are now plans to build megi@ae plants inthe Sahara desert in Africa and transfer the
electricity to Europe. Some are aldonking that solar PV plants could be built in outer space
and transmit the electricity with micro waves or lasemiearhey are both possibilities thvail

need further studies.

According to my forecassolar electricity generation will grow to 1000/h and will cover
about 2.4 % of electricity in 2050 (Table 5.6.1). The biggest growth of solar power will happen
after 2050, when the best sites of ly@dnd wind have been built. In 2166lar electricity will

cover 9500 TWh and 19 % of electricity conmsation.

5.7 Municipal CHP

Municipal combined heat and poweCKIP) plants generate district heat and electricity. They
have been built mainly in Northern Europe and Russia, where the winter is long and district
heating networks have been built in mosiesit

In Finland distict heating covers 4% of overall heat energy consumption. About 90 % of the
people in Hesinki live in the houses th&dave district heating. The total consumption of district
heat in Finland in 2009 was 34.2 TWh or 6.4 MWh/perddre electricity generated with CHP
plants was 14.8 TWh or 2.8 MWh/person.

The electricity per heat value, alphvas 0.43, which shows that it is still possible to construct
new CHP plants in many Finnish cities. | have evaluated the CHP potential éantiger book
(Planning of Optimal Power Systemthat there is still possibility to increase the Finnish
municipal CHP capacity from 3100 MWe toG®DMWe orto 750 W/capita.

The biggest potential fanunicipal CHP plants is howevér Russiaand Chinawhich canin
theory satisfy their short term electricity needs with municipal CHP plants. The municipal CHP
potenti al i n  Ru(with imar® than 5@00 mleakitanty is 169 iG&¥Ve (1180
W/capita). hese plantgan generat844 TWhof electricity (Table 5.7.1). Thus about 89 of
electricity in Russia could bgenerated bynunicipal CHPplantsand all large cities could be
independent of outside electricity.

Table 5.71 CHP potential of the largeities (above 500 inhabitants)n Russia

CHP potential of Popu- Heat CHP CHP CHP

the largest cities lation  demand electr. electr. electr./cap
in Russia 1000 TWh GWe TWh  kWh/cap.
Large cities >100000 68 424 821 151 753 11 000
<100000 but>50000 10982 110 18 92 8333
Total 79 406 931 169 844 10631
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This is theory, but because of the organizational limitations, the potential chanfully

realized. | was working for thatility company Imatran Voima in 1990, when we planned to

build a 450 MW gas CHP plant in Saint Petersburg. The plant was conmedsilniring the
199006s but it took about ten yehadistrictheatnpr e t h
network.

In Russia the district heating companies and power generation companies have different owners
and they have difficulties to make enengyrchases with each other. In Finland most of the
district heating companies and local power producers are owned by the same city and thus
several cities are independent of outside electricity.

Municipal CHP Electricity Generation
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Figure 5.7.1 Thedrecast formunicipal CHP electricity gneration until 2100

The ypicd CHP potential in cities thdtave natual gas avdableis abou2 kW/capita. All cities
which have more than @O0 inhabitants livingn the district heating housesn build CHP
plants. he tpical gas engine CHP plant for a small city bd$ MW electrical output and 9
MW heat output. The plamgienerate 50 GWh of electricity and 45 GWh of heat.

The global municipal CHP generation is forecasted to increase to 1700 TWh by 2100 (Figure
5.71). The share of municipal CHReetricity will increase to 3% by 2100 (Table 5.7.1). The
largest share21% of municipal CHP electrity generation will be irEurgpe outside European
Union. This includes Russia, which has the largest CHP potentialropEu
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Table 57.2 The forecast of umicipal CHP generation

Municipal CHP generation Share of municipal CHP
Area 2009 2050 2100 2009 2050 2100
TWh TWh TWh (%) (%) (%)
North America 17,0 42,3 49,8 0,3% 0,6 % 0,6 %
European Union 90,9 165,2 155,1 2,9% 4,3% 4.3 %
Rest of Europe 316,1 674,4 653,5 16,7 % 20,8 % 20,9 %
Japan 0,9 1,9 1,4 0,1% 0,2% 0,2%
Latin America - - - 0,0 % 0,0 % 0,0 %
Middle East - - - 0,0 % 0,0 % 0,0 %
Africa - - - 0,0 % 0,0 % 0,0 %
China 79,8 518,2 680,2 21% 4,3 % 51%
India - - - 0,0 % 0,0% 0,0 %
Rest of Asia Pacific 23,7 90,2 115,6 1,3% 1,8% 1,9%
Total 528 1492 1 656 2,6 % 3,6 % 3,3%

Also China andhe EU will increase theimunicipal CHP share to 5% of electricity generation.

The municipal CHP plants ealmost totally missing iNorth America because the natural gas is
delivered into most of the houses in large cities. The consumption of gas is still increasing and it
is still used in the most of ¢hnew houses. Howevemicro CHP generation has the largest
potential in North America, becausetbéexisting gas network.

In southern countries heating is needed dolyless than halthe year anl district heating
networks wouldhardly be economical. Howeyemicro generation hasame potential in all
areas thahaveanatural gas network available.

5.8 Industrial CHP generation

Industrial combined heat and power plants generate mostly process steam and electricity. Typical
plants in Finland are being usedthe pulp and paper industry, where heat is generated from
wood in the pulp mill and the generated electricitg ateam othe CHP plant is used by the
paper machines. Same kind of CHP plants have been used in chiacicaés and refineries,

both of whichneed a lot of steam. Also smaller scales of CHP plants have been built in bakeries,
glass factories etc.

CHP electricity can covethe electricity needs of many industrial companies. The biggest
industrial CHP generation is now in North America and China (Figure 5.8hBE).share of
industrial CHP electricity is increasing from 8 % today towtl® % in 2100 (&ble 5.8.1). Very
largepotential isin the Middle East which will build refineries and will need a lot of heat in
desalination plants in the future.
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Table 5.8.1 Theofecast of industrial CHP generation

Indusrial CHP Industrial CHP generation Industrial CHP share
Generation 2009 2050 2100 2009 2050 2100
TWh TWh TWh (%) (%) (%)

North America 426 704 799 8,5 % 10,2 % 10,2 %
European Union 236 365 342 7,4 % 9,4 % 9,4 %
Rest of Europe 203 299 288 10,7 % 9,2 % 9,2 %
Japan 48 65 47 4,3 % 52 % 52%
Latin America 24 67 115 2,2 % 2,7 % 3,5%
Middle East 27 326 858 3,5% 11,8 % 15,9 %
Africa 3 15 26 0,5 % 0,7 % 0,7 %
China 432 1497 1570 11,6 % 12,5 % 11,8 %
India 48 155 194 5,5 % 6,7 % 6,7 %
Rest of Asia Pacific 75 240 299 4,2 % 4,9 % 4,9 %
Total 1523 3733 4 539 7,6 % 8,9 % 9,0 %
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Figure 5.8.1 Thedrecast ofindustrial CHP electricity generation
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5.9 Summary

5.9.1 Remwable energysources

The renewable electricity generation could reacl®d@D TWh in 2100 (Figure 5.9.1) and cover
5%% of all electricity. Wind power will be the biggest contributor of renewadledricity in
2100 and generate Z8of world electricity. Solar power will be the secband generatabout
18% of electricity. Renewable electricity will grow in each of the areas (Figure 5.9.2).

Hydro, wind and solar power can cover the growth &@50. Thus before 2050 also other new
capacity suchas nuclear and CHpower plants will be needed to redute CO,-emissions.
CO.-separation has not been introduced yet, thus its use is speculative. The only real alternative
todayin orderto cut the enssions is to build more nuclear power, which is also the most cost
effective alternative.

In 2050 theshare ofrenewale electricity sharén the worldwill be 31% (Table 5.9.1) anthe
highest in Latin Ameria (63%) andhe European Union (4%). By 2100the renewable share in
the wald will rise to 58% and to @ in Latin America.
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Figure 5.9.1 Reewable energy could generate @0 TWh in 2100
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Figure 5.9.2 The forecast oémewable electricity generation in different areas

Table 5.91 The forecastf renewable electricity shasén 2050 and 2100

Renewable electricity generation Market Share
Area 2009 2050 2100 2009 2050 2100
TWh TWh TWh % % %

North America 813 2471 5314 16,1 % 35,7 % 67,6 %
European Union 537 1901 2400 16,9 % 49,0 % 66,0 %
Rest of Europe 489 851 1688 25,9 % 26,3 % 53,9 %
Japan 105 264 393 9,4 % 21,2 % 43,8 %
Latin America 732 1554 2454 67,6 % 62,6 % 73,7 %
Middle East 12 153 2074 1,6 % 55 % 38,4 %
Africa 100 584 2732 15,9 % 26,2 % 70,0 %
China 678 3 604 7779 18,2 % 30,2 % 58,3 %
India 135 652 1538 15,5 % 28,4 % 53,5 %
Rest of Asia Pac 189 740 3291 10,5 % 151 % 53,5 %
Total 3790 12 773 29 662 18,9 % 30,5 % 58,7 %

5.9.2CHP electricity generation

CHP electricity generation is also increasing a@ndould reach 6200 TWh in 2100 (Figure
5.9.3). The CHP share the world is increasing from 10% in 2009 to abou¥olia 2100.

In 2100 the largest CHP electricity generator will be Chaith 2250 TWh (Table 5.9.2)
because China will be the biggest industrial producer and will lags@ municipal CHP
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generation. The rest of Europe will besicond place after Chinand will generate 940 TWh of
electricity by using CHP plants. Russhas been the biggest market founicipal CHP, which
will makeit larger than the European UnionMorth America.

The largest CHP share will be iastern Europancluding Russia, whictwill generate 3% of
its electricityby using CHP power plants. Gta andhe Middle East could get 26 of electricity
from CHP plants by 2100.

Table 5.9.2 The forecast afttal CHP electricity generation

CHP electricity generation CHP electricity share
Area 2009 2050 2100 2009 2050 2100
TWh TWh TWh (%) (%) (%)
North America 443 746 849 8,8 % 10,8 % 10,8 %
European Union 327 530 497 10,3 % 13,7 % 13,7 %
Rest of Europe 519 973 941 27,5% 30,1 % 30,1 %
Japan 49 67 48 4,4 % 54 % 54 %
Latin America 24 67 115 2,2% 2,7 % 3,5%
Middle East 27 326 858 3,5% 11,8 % 15,9 %
Africa 3 15 26 0,5% 0,7 % 0,7 %
China 512 2015 2250 13,7 % 16,9 % 16,9 %
India 48 155 194 55 % 6,7 % 6,7 %
Rest of Asia Pacific 99 330 415 55 % 6,7 % 6,7 %
Total 2 051 5225 6 194 10,2 % 12,5 % 12,3 %

CHP Electricity Generation

in the World
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Figure 5.9.3 Thedrecast of CHP electricitgeneration
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5.9.3Preferable electricity generation

The preferableelectricity generation sources including renewable and CHP power plants, can
satisfy the growth of electricity needs only after 2050. In 2100 they could cover 71% of the
electricity generation in the world (Figure 5.9.4). The rest of the consumptionecsatibfied

with nuclear and fossil fired power plants. With nuclear power plants thee@@3sions can be
reduced already before 2050.

Electricity Generation Sources
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Figure 5.9.4 Hydro, wind, biomass, solar a@HP power plants could cover %d of
electricity consumption in 200 The® sources will satisfy the growth in electricity
consumption only after 2050
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6 NUCLEAR ELECTRICITY PLAN UNT2100

6.1 Uranium resources

6.1.1 History

Uranium235 has been the main resoufeenuclear power until now antalsowill continue to

be for thenear future. Also thoriur232 can be used in nuclear reactors, but it will require
breeding to uraniur233. Plutoniur239 is the thirdhuclearenergy source, but it will requitae
repro@ssing of spent fuel.

Natural uranium has mainly two isotop&s235 and U238. The fissionablerdction is U235,
which content is 0.71 % inatural uraniumThe rest, 99.29 %, is-R38 Five billion years ago,
when the earth was created, the both isotopes were equally comr@88. hdsa half life of 4.5
billion years and its concentrati@nowin half of that in the beginning of birth of earth.

U-235 has been splitting to lightatoms as its half life is 700 million years. As a matter of fact
after some billion years from now-BB5 isotopes will be disappearireyenif it will not be used

in reactors at all. L238 is more stable and 140 times more abundant. But the fissior288 U
can be caused practically only with fast neutrons and fast reactors

Uranium was found ithe Joachimsthalsilver mine near Prague in 1850. The silver mine was in
use fromthe 16" century and its product were used for silver coins. Actually the names of dollar,
daler (Sweden) and taaleri (Finland) originaterfrtne name Joachinsthaler, of whithaler is

an abbreviation and was used to measiue@alue of the coinThe uranium fom this mine was
used by Mirie Curie in herexperiments with radioactivity. rém this ore she could isolate
radium and plonium. Aso first loading of the German uclear experiments used the uranium
from the Joachimsthal mine

Uranium wasalso found in the Belgian Congo before th8econd World WarMost of the
Belgian uranium was evacuated from Belgiumtiie US before the Germans occupied the
country in 1940. The same uranium was then usedeidevelopment of nuclear bombs. thre

US uranium wasalso bundin Colorado. Canadian uranium was also used during the war time.
Today the main uranium resources are in Australia, Kazakhstan and Canada.

6.1.2 Uranium consumption in LWR

The uranium need of a nuclear reactor can be optinbyeasing thetypical 1500 MWe light
water reactor parameters and estimated prices of uranium and enrichment (Table 6.1.1). The
burn up of fuel innew reactors will be about 50 MWd/kgUHM, wheraAM is the energy it
(Megawattdays, 24 MWh) and kgUHM ighekilograms of heavy metal or uranium in the fuel.
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Table6.1.1 Need for uranium ibnight Water Reactor (LWR) power plants

Reactor type Old LWR New LWR| New LWR New LWR| New LWR New LWR
Uranium price USD/kgU 65 65 130 130 260 260
Tails assay % 0,30 % 0,30 % 0,30 % 0,20 % 0,20 % 0,15 %
Electrical output Mwe 1500 1500 1500 1500 1500 1500
Load factor % 80 % 909 90 % 90 % 90 % 90 %
Electricity generation TWh/a 10,52 11,83 11,83 11,83 11,83 11,83
Efficiency % 2% 349 34% 34 % 34 % 349
Reactor output MWt 4688 4412 4412 4412 4412 4412
Thermal energy GWh 32873 34 806 34 806 34 806 34 806 34 806
Thermal energy Gwd 1370 1450 1450 1450 1450 1450
Burn up Mwd/kgUHM 36,0 50,0 50,0 50,0 50,0 50,0
Fuel load fractions number 3 4 4 4 4 4
Enrichment % 3,2% 4,094 4,0% 4,09 4,0% 4,09
Enriched uranium neekgUHM/a 38,0 29,0 29,0 29,0 29,0 29,0
Natural uranium need kgU/kgUHM 6,8 9,2 9,2 7,4 7,4 6,7
Natural uranium need tU/a 260 266 266 214 214 195
Enricment need tSWU/a 137 157 157 188 188 211
Uranium price USD/kgU 65 65 130 130 260 260
Conversion price USD/kgU 8 8 8 8 8 8
Enrichment price USD/kgSW\ 150 150 150 150 150 150
Fabrication price USD/kgU 300 300 300 300 300 300
Waste disposal USD/kgU 1000 1000 1000 1000 1000 1000
Uranium costs kUSD/a 18 632 19087 38174 30704 61 407 55934
Conversion costs kUSD/a 2293 2349 2 349 1889 1889 1721
Enricment costs kUSD/a 21532 24 803 24 803 29544 29544 33258
Fabrication kUSD/a 11 696 8916 8916 8916 8916 8916
Back end kUSD/a 38 047 29 005 29 005 29 005 29 005 29 005
Total kUSD/a 92199 84 161 103 248 100 058 130 762 128 835
Total EUR/MWhe 7,01 5,69 6,98 6,76 8,84 8,71

Thus 50 MWd/kgU corresponds to 1200 00Whk/kgU. The leat value of crude oil is 11.62
kwWh/kg. Thus ae kilogram of uranium givesOD 000 times more energy than crude oil. With
todayds prices the f uelalLWRplantisod. 7/l MWH .rbeTh it gy
compared with the fuel cost a modern coal plant, whichssb out 020/ MWh .

The ratural uaniumneed ofa 1500 MWe LWR plant with 90 % load facter266 tons annually
with 0.3 % tails assay. Tails assaythe U-235 content irthe wasteuranium in an enrichment
plant. Tails assawill be optimized this depending on the price of uraniuththe price of
uranium rises it will be economical to lower the tails assay and take m285 ffom the orelf
the price of uranium will rise t§130kgU, the tails assay will be dropped to 0.20 %. Thus with
higher uranium price the uranium can be utilized more thdrguand less uranium is needed.
The same power plant will consume 214 tons of uranium annually. #lsarme noted thait the

uranium prices rise by 100 %, the fuelcas wi || ri se t%. 06. 8/ MWh or
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If the price of uranium will rise t$260kgU, the tails assay will be dropped to 0.15 %. T
costs wi |/MWh. The feel dosts ang thenonly 20 higher than witl$130kgU. The
natural uranium need will drop to 195 tons of uranium annually.

6.1.3 Resources of uranium

The uanium resorceswith cost less tha$130kgU have been identified toe 5.5 million tons
(Table 6.1.2 There are also additional conventional resources, which are about 10.5 million
tons. With the present consumption leviile resources will lador about 240 years. If new
1500 MWe LWR plants will be built and the uranium tails assay is 0.2 %, they uranium
resources can support 1870 GWauclear capacity for 60 years.

Table 6.1.2 Uranium resources and nuclear capacity supported [$18@kgU reources

Basic data (2008)
Nuclear power capacity 365 GWe
Nuclear generation 2739 TWh
Uranium consumption 67 kt/a
Resources *
Identified resources 5500 kt
Other resources 10500 kt
Total conventional resources 16 000 kt
Depletion time with present capacity
Identified resources 82 vyears
Other resources 157 vyears
Total conventional resources 239 years
Capacity supported for 60 yea
Identified resources 643 GWe
Other resources 1227 GWe
Total conventional resources 1869 GWe

* Source: INEA Position Paper 2008

However, the fuel costs af LWR plart are moderate also with $28QU resources. Those
resources have not been identified, but will be much higher3$hd@kgU resourcegiven in
Table 6.1.2With a $260kgU price also several new sources ofnimen will become profitable.
These include uranium from rock or sea water

The resources in the land can be estimbgeasingtheformula R = 15 MtU x (P/130), whee P
is the price of uranium (BgU). If theprice of uranium i$260kgU, the resources could B&16
or 96 million tons of U. Additionally the uranium resources in sea water aretdbbillion tons
of U, but the costs of separation are not known.
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6.2 Breeder reactors

6.2.1 Plutonium breeder reactors

Breederreactors can convert-R38 into plutonium239 (Pu-239 in neutron radiationLiquid
metal fast reactors (LMFBRJre alreadyn operation in Russiand very manytherfast reactor
typesarein the developmentThey have been planned to contiribe nuclea generation after
the uranium resources have been used.

The population ofthe world will be stabilized at 9 billion in 2100 and global electricity
consumption will be stabilized at 50 PWhkssuming 30% ofuture electricity will be generated
by nuclear sorces,15 PWh of nuclear electricity is needed. Thisidze generated byreeder
reactorswith a capacity of 2000 GWe

Assuming that a breeder reactmmsums 1/60 ofthe uranium of the light water reactor, then a
1500 MW plant will need about 200 tU/60 or 3.3 tons annually. The capacity of 2000 GWe
therefore needabout 4400 tonsof uranium annually. The uranium need fbe next thousand
years is thusbout 4.4 billion ons.The uranium consumption is only 1/60tbat of theLWR,

thus the price of uranium can Ien times higherlf the price of uranium i$1300kgU, the
resources could be 15 billion tons of U.

However, plutonium breeder reactors need reprocessinggviemplutonium is separated from
the waste fuelThis is a safety issue #e plutonium might be used for making nuclear weapons.
This is the reason why thHerecass made in this book assume thta breeders will benly built

in existingnuclear weapo countries thabhavethe necessary nuclear waste reprocessing facilities
available.

In 2050 when the plutonium breeder reactors should be available also many renewable
technologies will be competing witthe nuclear plants. Solar plants mdave become
competitive during this time. Also thorium breeder reactoay neplace plutonium breeders

It is very difficult to say whetheithe breeder reactorwill come commercial Today the
investment costs would be much higher thi@sse of LWR reactorsThe extranvestment costs
of breeder reactorsalue been estimated to be-B00% at the moment.

If breederract or power pkWe highsr intestmeat casts thh@ah@he LWR plants,
then the generation costs of electricity will bel/EWh higher than withLWR& sother costs
being equal. If the price of uraniumill rise from $130 to$260kgU, the fuel costs of LWR
plant w | | i ncr eas e /MWh ormvithdi 6 /M®/h (Table 6.8.1). Thus itsi more
economical to usthe $260kgU uranium than build breger plants which have more thafh 1 7 5
/kWe higher investment costs thdmre LWR plants
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6.2.2 Thorium breeder reactors

The thorium resources have been estimated to be about four tinnesnaim resources. The
contentof thoriumi n t he e a rlQ gnains perctonu Bhorium can be used as fertile
material in uranium or plutoniumeactors, where thoriw232 isconveredinto uranium233 by
capturing one neutron.

The low cost thorium resources $80kg price) are 3.8million tons (Table 6.2.1). One 1000
MWe reactor uses 1 rioof thorium annually. Thughe 3.8 million tons of know thorium
reserves can fuel B8 GWe capacityfor thousand years. If the pridacreass tenfold (to
$800kg), the resources will be aboubidllion tons. With these resourcal electricity needed in
the world ould be generated with thorium reactorsdonillion years.

Table 6.2.1 Reasonkb assured resources (RAR) anstimated additional
resources (EAR) of thorium some countries in kilotons (kt)

Thorium resources RAR EAR TOTAL
kt kt kt

Brazil 606 700 1306
Turkey 380 500 880
India 319 319
United States 137 295 432
Norway 132 132 264
Greenland 54 32 86
Canada 45 128 173
Australia 19 19
South Africa 18 18
Egypt 15 309 324
Total 1725 2096 3821

Source: Thorium Fuel Cycle. IAEA 2005

Thorium is a goodalternative forfast reactors with plutonium cycles. Thus it could come after
light water reactors as the next choice before the fast breeder reactbestoliowing analysis

the breder reactors will be combined unaere nameBreeder Reactors (BR)ubtheycan be
any of the types discussed.

It is very difficult to seewhich of the differentbreedemreactors becomeommercially available
by 2050. It is also possible thatmeof them wil if other technologiedevelopfaster However,

there will be plenty of thorium, uranium and spent fuel resources available to support electricity

generation for the next million years.
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India has already built ehdrium test plant Kakrapar-1) and has a 300 MW heavy water
thorium nuclearplantu nd e r c on st rhorkuimiresaurces arae aboud G0 tots.
These resources could be enough for a In8E»h GWe nuclear power program fathousand
years.

6.3 A plan until 2100

The dectricity generation othe existing nuclear power planfgeaked at 2800 TWh in 2006
(Figure 6.3.1). After this datide electricity generation bgxisting nuclear plants has been going
down because many of the plants are old and whkkype decommissioned. By 20Gimostall

of the existing plants will be decamssioned.
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Figure 6.3.1 The kectricity generatiorforecastof the existing nuclear power plants

The capacity additions of new nuclear plants until 2100 have been estimated in Figure 6.3.2. The
annual capacity additions should react5 GWe level by 203@h orderto close down the old

coal fired plants as soon asgsible. However, after 205apacity additions should be reduced
because new renewable capacity will be gaining market share in North Americtheand
European Union.
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Figure 6.3.5 Forecast oflectricity generation with new breeder reactor power plants
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Figure 6.3.6Forecast of nuclear electricity generationthe world until 2100

If the new nuclear plaatwill have a 60 year operation time, the installed capacityh&f new
nuclear power plants will peak at 2700 GWe in 2080 (FiguBe3h Thereafter the capacitylivi

start to decrease, whilenewable generation will start to increase its market share also in the
developing countries and nuclear power wilt he needed as urgently

The electricity generatioof LWR power plants Wli peak at 1300 TWh in 2080 (Figure 6.3.4).
The new breeder reactor power plants will stgeration in2050 and will reae 5500 TWh by
2100 (Figure 6.3)6

The electricity generation afuclear power plans ( LWR&6s and Bat&60der s)
TWh in 2080(Figure 6.3.6). Thereafteclearelectricitygeneration will go dowyras renewable
electricity sources will stargaining market shase

The nuclear share of electricity generatis forecasted to rise from 13% in 2009 to 27920560

and to 346 in 2075; whemuclear plants will be the biggest contributor of electrical energy
(Table 6.3.1 Thenuclear share will then decrea®se23% by 2100 as renewabknergysources
gain market shase
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Table 6.3.1 Forecast ofualear powemgeneration and the nuclear shavéelectricity

Nuclear electricity generation Nuclear share
Area 2009 2050 2075 2100 2009 2050 2075 2100
TWh TWh TWh TWh % % % %

North America 944 2 460 2 460 1637 18,0% 35,6% 33,3% 20,8%
EU-27 940 941 886 631 28,0% 24,3% 23,3% 17,4%
Other Europe 283 386 906 445 14,3% 11,9% 27,3% 14,2%
Japan 252 647 552 428 21,3% 51,9% 50,7% 47,6%
Latin America 31 635 801 694 2,9% 25,5% 27,1% 20,9%
Middle East - 804 1424 1415 0,0% 29,0% 34,6% 26,2%
Africa 13 605 1052 870 2,1% 27,2% 34,8% 22,3%
China 68 2909 4 856 3308 2,0% 24,3% 36,6% 24,8%
India 15 739 1147 1034 1,8% 32,1% 43,1% 36,0%
Rest of Asia 194 1137 2 067 2151 10,8% 23,2% 36,6% 34,9%
Total 2741 11261 ' 16151 12 613 13,5% 26,9% 34,2% 25,0%

The nuclear sharef electricityin 2100 will remainat about the same level amday in North
America. Inthe EU the nuclear share will decredsecause of extensive pragns for renewable
electricity. The bggest share of nuclear power %Ypis forecasted to be in Japan, which does not
have large renewable energy sources in the short term.

China will be the biggest generator of nuclear power by 2050 and ¢tleanghare in China will

be 24%6. The nudear electricity generation in China in 2100 (3300 TWh) will be more than the
total world is generating todaghina hadarge potential to generate up 5% of its electricity

by usingnuclear plants, but this requires that the breeder reactors wilingecompetitive by
this time.

6.4 Consumption of uranium

A nuclear progranwas plannedn chapter 6.3 by building 65 G&\bf new nuclear capacity
annually. Thiss equivalent of 43 newnits annually with 1500 MW eachlhen after 2050 the
new LWR reactorsi®uld be followed by breeder reactors which will use the spent fuel of LWR
reactors as a primary fuel and depleted urar@3® or thorium athefertile material. After 2050
both LWR and breezt power plants will be built in parallelith graduallyincreagng the share

of breedergFigure 6.4.1)

Nuclear power capacity would peak at 2500 GWe in 2080 (Figure 6.4.2). Nuclear generation
would reach 19 @ TWh in 2080 (Figure 6.4.3). By then about 20% of the nuclear capacity
should be breeder reactohs.2100the nuclear power capacity will be 2000 GWe abdut 30%

of the capacity would be breeders.
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Figure 6.4.3 Forecasteduclear power generation will peak at 090 TWh in 2080
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The annual uranium demand will peak at P80 tons/a in 2080 (Figure 6.4.4). This is four
times the present level. The cumulative uranium demand for LWR reactors for the given
program has been evaluated in Figure 6.4.5.10Wwecosts ($130/kgU)uranium resources of 16
million tons will be used b100.

6.5 The dectricity plan after nuclear generation

If the given program would be realized, nuclear power wdaddthe number one source of
electricity and the world will go touclear agein 2041 (Figure 6.5.1). The nuclear age would
last until 2100, when windéave power wouldovertake the nuclear as the largesurce of
electricity.

The use of nuclear power would makeradical changenifossil electricity, which would start
decreasingafter 2020. Without nuclegsower the fossilelectricity generation would increase
until 2050.According to the planhie fossil share of electrigigeneration wouldjo down rapidly
from 66% in 2009 to 3 in 2050 (Table 6.5.1). However, the absolute generafifossil fired
electricity would be remain ata 12000 TWh level until 2050. Thre after 2050 the fossil
generation wouldlecrease to 2000 TWh in 2100.
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Figure 6.5.1 Forecastedextricity genersion mix with nuclear power plants

Table 6.5.1 Forecastl sources ddlectricity generation

Sources of Electricity Generation

Market shares

Source 2009 2050 2075 2100 2009 2050 2075 2100
TWh TWh TWh TWh % % % %
Preferable sources
Solar 34 1026 2 955 9814 0,2% 2,4% 6,3% 19,3%
Wind/wave 321 5284 9197 12 134 1,8% 12,6% 19,5% 23,9%
Hydro 3272 5274 6 000 6 475 18,8% 12,6% 12,7% 12,7%
Biomass/waste 164 1189 1503 1570 0,9% 2,8% 3,2% 3,1%
CHP 2 051 5225 5 900 6 194 11,8% 12,5% 12,5% 12,2%
Total 5841 17 998 25 555 36 186 33,6% 43,0% 54,1% 71,1%
Other sources
New Breeders - 418 3103 6 556 0,0% 1,0% 6,6% 12,9%
New LWR - 10 698 13 048 6 056 0,0% 25,5% 27,6% 11,9%
Old nuclear 2 698 259 0 0 15,5% 0,6% 0,0% 0,0%
Fossil 11 554 12 521 5 548 2 072 66,4% 29,9% 11,7% 4,1%
Total 14 252 23 896 21 698 14 685 81,9% 57,0% 45,9% 28,9%
Total 17 395 41 895 47 254 50 871 100,0% 100,0% 100,0% 100,0%
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Preferable electricity sources are increasing in the fotan 33% in 2009 to about 43% 295Q
and to 7% by 2100. The biggest increase is happening in wind and solar electricity generation,
which would generat24% and 1% of electricityrespectivelyin 2100.
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7 FOSSIL ELECTRICITY PLAN FOR 2100

7.1 Planning process

Fossil plants should cover the remaining electricity generation thiggoreferablesources of
renewable, CHRand nuclear electricity The fossil electricity generatiohaveincreased from
6000 TWh in 199@o 12000 TWh in 2009 (Figure 7.1.Table 7.1.1 The fossil generation will
peak at 1900 TWh in 2020 and thereafteéhe generation will go down and reach 1990 level
before 2075.
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Figure 7.1.1 Forecastedextricity generatedy fossil fired power plants

The CO,-emissions of fossiplant can still be reded by improving the efficiencies of power
plants and by increasing the share of oil and gas fired plants and decreasingehaf soat

fired powerplants. This can be achievedrasest of the new fossil fired power plants will use gas
and oil as their primary fuel The coal fired plants will then only be built fénre base load
generatiomat siteswhere natural gas is not available. The goal is to reach the emission target of
690 kgCQ/capita by 2050 and 140 kgG@apita by 2100 in each of the areas separately.

The e&onomic incentive to build gas fired plants instead of coal fired plants shotdstdred by
CO,-emission allowances or clear emission standards. If the emission standards allewQthly
gCOJ/kWh emission, then codired plants will not be built without carbon capture and storage
(CCS) Because of the high costs of CCS the piplarts would replace the coal plantsthe
most caseHowever, CCS will be also needed in China and USA to reach the emission targets.
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Table 7.1.1 Forecastedeetricity generation ofossil power plantand market shares

Fossil Power Generation Share of Fossil Power Plants
Area 2009 2050 2075 2100 2009 2050 2075 2100
TWh TWh TWh TWh (%) (%) (%) (%)
North America 2 854 1122 491 66 56,6 % 16,2 % 6,6 % 0,8 %
European Union 1423 504 112 108 44,7 % 13,0 % 2,9% 3,0%
Rest of Europe 606 766 167 56 32,1 % 23,7 % 5,0 % 1,7 %
Japan 685 528 147 29 61,5 % 42,4 % 13,5% 32%
Latin America 296 228 86 65 27,4 % 9,2 % 2,9 % 2,0 %
Middle East 718 1487 1467 1057 94,9 % 53,7 % 35,6 % 18,4 %
Africa 515 1022 533 276 81,6 % 45,9 % 17,6 % 7,1 %
China 2 465 3423 808 7 66,2 % 28,6 % 6,1 % 0,1%
India 670 752 327 109 77,1 % 32,7 % 12,3 % 3,8%
Rest of Asia Pacific 1322 2 688 1410 298 73,3 % 54,9 % 25,0 % 4,8 %
Total 11 554 12 521 5 548 2072 57,5 % 29,9 % 11,7 % 4,1 %

The price of CO,-allowancesshould be sdiigh that gas fired planteave lower variable &is
thancoal plants.fithe fuel prices of gas and caakeU20/MWh andd 1/MWh respectively, then

the price of CQ-allowances should be more thar3 0 /,{T&b@ 7.1.2 and the variable costs

of both plants are about 5/ dWh.

At the moment the C&price allowance isboutl 1/MWh andcoal fired plants have about%0

lower variable costs than gas plants. The coal plants come before the gas plants in the dispatch

order. It is foreastedthat by 2020 the prices of C&allowances will increase ta 3/tCO,,
which corresponds to &« annual changeBy 2050 the allowance price could reach 5tCO,
level, which will make also gas pits more expensive than windsmiar plants.

Table 7.1.2The \ariable costf gas and coal power plants

2011 2020 2050

Power plant type Gas plant Coal plant|Gas plant Coal plant|Gas plant Coal plant

Emission price 15eurt 15eurt | 30eur/t 30eur/t | 50eurt 50eurkt
Performance

Efficiency % 50 % 40 % 52 % 42 % 54 % 44 %

CO2/content kg/MWh 198 340 198 340 198 340

Emission kg/MWh 396 850 381 810 367 773
Fuel costs

Fuel price eur/MWh 20,0 10,0 20,0 10,0 20,0 10,0

Fuel costs  eur/MWh 40,0 25,0 38,5 23,8 37,0 22,7
CO2-costs

CO2-price eur/t 15,0 15,0 30,0 30,0 50,0 50,0

CO2-costs eur/MWh 5,9 12,8 11,4 24,3 18,3 38,6
O&M costs eur/MWh 6,0 8,0 6,0 8,0 6,0 8,0
Variable costs eur/MWh 51,9 45,8 55,9 56,1 61,4 69,4
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7.2 Oil and @as fired plants

For 25 years atural gas has been the most favoresl in new power plants aftére Chernobyl
accident in 1986Typical gas plants are used at base load as combined cycle plaatgaa#
load and reserve applicatioas simple cycle gas turbinesdiesel andjyas engines.

Most of the new plants have been combined cycle gas turbine (CCGT) plants, which have one or
two gas turbines in the topping cycle and one steam turbine inattledmd. Thus the steam
turbine can utilize the waste heat from the gadites and generate typically @0more
electricity. Ifthe gas turbine has36% efficiency then the combined dg@lant has typically 1.5

X 36% or 584 net electrical efficiency.

The orders of large gas turbines have belanging around 4000 MW (Figure 7.2.1). There
have been large changestlie orders depending ohe economic cyclelhe total volume of tha
large plants has been aboGt@0 MWe annually, if also the stedorbines of the CCGT plants
are included.
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Figure 7.21 Annual oders of large (>60 MW) gas turbindsave been changing around
40 000 MW(Source: Diesel and Gas Turbine World Wide)
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Peaking power plants use gas engines that typically havela%@lectrcal efficiency and aero
derivative gas turbines with 38% efficiency. These plants will also be needed to balance the
generation changes of renewable wind and solar plants. Typically the balancing plants should
cover about 25% of the installed capacityvind and solar power plants.

The orders fointernal combusbn engines (050 MW unit size)have been changing around
35000 MW depending on the economic cy(fegure 7.2.2). The orders femall (:60 MW)
gas turbires have stayed between 5000 MW a40d00OMW level during the same period.

Annual Orders of Gas Turbines and
Internal Combustion Engines (0.5 - 60 MW)
70 000
60 000
50 000
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OICE (0.5-1 MW)
30000 B ICE (1-60 MW)
B GT(1-60 MW)
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N 9 $o)
Q Q Q
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Figure 7.2.2 Theorders ofinternal combustiorenginesand gas turbine$0.5-60 MW unit size
havechanging around 3000 MW(Source: Diesel and Gas Turbine World Wide)

The installed capacity of oil and gas power plant is increasing from GU2® in 2009 to about
4000 GWe by2050 anl then decreasing to 2800 GWe 2400 (Figure 7.2.3). The peak load of
electricity consumptio is developing from 4000 GWe 3009 to 8000 GWen 2050 adl to
10000 GWe by2100 (Figure 7.2.4).

In 2100 the oil and gas fired power plants will be cover 27% of the pealkcépatityand they
are mainly used for system services. Typically abouB@a capacity is needed for system
services includingeaking, regulating and reserve power plants.

136



5000
4500
4000
3500
3000
2500
2000

GW

1500
1000
500

Oil and Gas Power Capacity
in the World

M Rest of Asia

O India

O China

@ Africa

O Middle East

E Latin America

H Japan

H Rest of Europe
O EU27

B North America

7.2.3Forecastednstalledcapacity of oil and gas fired power plantsthe world

12 000

10 000

8 000

6 000

GW

4000

2000

Peak load of electricity consumption
in the World

[ Rest of Asia Pacifi

O India
O China

@ Africa
O Middle East

W Latin America
B Japan

B Other Europe

@ European Union
B North America

Figure 7.2.4 Forecastedgak loadelectricity consumptiom the world
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Figure 7.2.5Forecasted b and gas powegeneration

Electricity generation with oil and gas power plants is growing fsa&®0 TWh in 2009 to 8600
TWh by 2050 (Figure 7.2.5). Then after 2060 the renewable and nuclear plants will cover the
growth. Oil and gas fired plants were generating 26% of electricity in 2009 (Table 7.2.1). Their
sharewill then gradually decline to 21% by 2050 and to 4% by 2100

Table7.2.1Forecasted kectricity generation wittoil and gas plants

Oil and Gas Electricity Generation Share of Oil and Gas
Area 2009 2050 2075 2100 2009 2050 2075 2100

TWh TWh TWh TWh (%) (%) (%) (%)
North America 1174 1122 491 66 23,3 % 16,2 % 6,6 % 0,8 %
European Union 770 504 112 108 24,2 % 13,0 % 2,9 % 3,0%
Rest of Europe 360 718 167 56 19,1 % 22,2 % 5,0 % 1,7 %
Japan 448 528 147 29 40,2 % 42,4 % 13,5% 3.2%
Latin America 218 228 86 65 20,2 % 9,2 % 2,9 % 2,0 %
Middle East 542 1487 1467 1057 71,7 % 53,7 % 35,6 % 18,4 %
Africa 246 607 533 276 39,1 % 27,3 % 17,6 % 7,1 %
China 85 459 808 7 2,3% 3,8% 6,1 % 0,1%
India 112 311 327 109 12,9 % 13,5% 12,3 % 3,8%
Rest of Asia Pacific | 1235 2674 1410 298 68,5 % 54,6 % 25,0 % 4,8 %
Total 5191 8 638 5 548 2072 25,8 % 20,6 % 11,7 % 4,1 %
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7.3 Coal fired power generation

Coal has been the major fuel in power generation for abandred yearsBut, it is also the

biggest source of carbon dioxide emissions. The-&@issionsof a typical coal plant are 850
gCO,/kWh, when agas plants emits only 400@€0O./kWh (Table 7.1.2 Because the emissions
should be reduced, this can be mostlga®neby replacinghe coal fired plants with renewable

or nuclear plants in the long teror with gas fired plants in the short term.

Coal fired electricity generation can be forecasted by subtraetiionther power genation
sourcedsrom the total electricity generatioifFigure 7.3.1). Coal power generation will peak at
8500 TWh in the gar2020, when the new plants that are now urpd@nning and construction
phass will be connected to the grid. After 202@alfired electricitygeneratiorwill then startto

declineafter new renewable and nuclear plants will be connecttu tyrid.

There are many countries thaave already stopped building new coal plants. One of them is
Finland, which has built its last coal fired power plant in 1994. Hardly any new coal fired plants
will be built in the futurein Europe At the moment coal powarsha e
generations about 2@6. It will declineto less than % by 2020 as three new nuclear and many
renewable plants will be connected into the network. Then int&@34 allthe coal fired plants
will havebeendecommissioned.

n

[Eledncitya n d 6 s

However, there are countries such as China and Indiaatteabuildig new coal fired power
plants. The coal share of electricity generaiiorChina and India was about %4in 2009. In

20950 the coal share will still be abo@0% in boththe countries (Tabl&.3.1).

Table 7.3.1 Forecastedal share of pwer generation will reduce from 32% in 2009 to 9% by
2050 and to near zero 3075

Electricity generation by coal plants Share of Coal Electricity
Area 2009 2050 2075 2100 2009 2050 2075 2100
TWh TWh TWh TWh (%) (%) (%) (%)
North America 1 680 - - - 33,3% 0,0 % 0,0 % 0,0 %
European Union 653 - - - 20,5 % 0,0 % 0,0 % 0,0 %
Rest of Europe 246 48 - - 13,0 % 1,5% 0,0 % 0,0 %
Japan 237 - - - 21,3 % 0,0 % 0,0 % 0,0 %
Latin America 78 - - - 7,2 % 0,0 % 0,0 % 0,0 %
Middle East 176 1 - - 23,2 % 0,0 % 0,0 % 0,0 %
Africa 269 415 - - 42,6 % 18,7 % 0,0 % 0,0 %
China 2 380 2 964 - - 63,9 % 24,8 % 0,0 % 0,0 %
India 559 442 - - 64,2 % 19,2 % 0,0 % 0,0 %
Rest of Asia Pacific 87 14 - - 4,8 % 0,3% 0,0 % 0,0 %
Total 6 363 3884 - - 3L,7% 9,3% 0,0 % 0,0 %
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Figure 7.3.1 Forecastedal fired power generation will peak in the year 2020 at 850 T

7.4The CO,-emissions oklectricity generation

The CQ-emissionsare still increasing asossil fired pwer generation is increasing. The
emissions willpeak at B Gt/a in 2020 and then decredase? Gt/ain 2100(Figure 7.4.}). The
cumulativeCO,-emissions will reach 900 Gity the year 2100. Theipclude 500 Gt emissions
from coal and 400 Gt from oil and gas power pldhktgure 7.4.2)

The specific C@emissions of powegeneration in the world will redude about 1 ton/capita by
2050 (Figure 7.4.3) and to 0.2 t/capita2d00 (Figure 7.4.4). There are still great variations in
theper capita emissions between the countries and contimesgems thathe US China, Japan
and Eastern Europe could not meet the general target (690 kg/capitedrsgiter 4.@y 2050.

Middle East will also have difficulties in reaching the target (140 kg/capita) for 2100. China
could reach the targefor 2100, if it creates aammbitious program to do so. Howesy there are
several countriem which the emissions will be lower than tiaegets. Thus it will be posdéto

reach the general targetshose countries will sell the emission rights to others.
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Figure 7.4.2 Thedrecasted amulative C@-emissions of electricity generation until 2100
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Figure 7.4.3 ThedrecastedCO,-emissions from electricity generatiohthe worldwill increase
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7.5 Global warming caused by power generation

The CO,-emissions of electricity generatiday fossil fired power plantare about 3% of the
total emissions of energy industijhe forecasted emissions of electricity generation until 2100
were estimated to be 900 Gt. If this relation remains the same, the emissithes esfergy
industryuntil 2100 will be 2800 Gt (Figure 7.5.1).
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Figure 7.5.1 Forecaste@O,-emission from esrgy industry

If the CQy-concentration in the atmosphere will follow the past correlation with-&flssions,

the concentration in Mauna Loa will increase to 550 ppm by 2100 (Figure 7.5.2). The
concentration will increase faster than the linear trend @060, because the emissions are
increasing faster than the trend. After 2080 the concentration will increase quite moderately and
it is possible that the critical value of 560 ppm will never be reached.

Global warming is partly caused by the £émissims. Finnish measurements have shown that
1000 Gt of CG-emissions have caused temperature increase of°G.7&aximum sensitivity

see Chapter 4.5). Myles R. Allen et. al. Nature (April 30, 2009) have evaluated that 3670 Gt
emissions cause a°€ increas¢minimum sensitivity).
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Figure 7.5.3 Thedrecasted temperature rise after 1980he emissions of the engropdustry
will be approaching2800 GtCQ until 2120 (Figure 7.5.1)
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The emissions caused tiye energy industrjpave been about 700 Gt during the years 1900
1990. This has caused an increasthaglobal temperature of 0.3& (minimum sensitivity of
Myles R. Allen) or 0.55C (maximum sensitivity by the author).

The faecasted temperature rise after 1990 has been estitmatesthg the minimum sensitivity
andthe maximum sensitivit has been estimated to be 1.823°C by 2120 (Figure 7.5.3). The
temperature rise from900 to 2120 willthenbe 1.92 2.78°C, andthe probable increase would
be 2.35°C.

7.6 Fossil fuel resources

The awmulative coal consumption for power generation is forecasted to ach&fy Gtoe (120
billion tons of oil equinalent) by 2120 (Figure 7.6.1). Theat reserves were estimated by Biiti
Petroleum BP 2010 energy statistic$o be 862 Gt, which would be approximately 575 Gtoe.
Thusthe coalreserves are about five timtge need for power generation. Howeveralds also
needed foheat generatioripr theproductionof iron andfor other industrial uses
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Figure 7.6.1 Thedrecasted emulative fossil fuel consumption for power generation
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The cumulative oil and gas consumption for power generation will reach 150 Gtoe by 2120. The
proven reserves for oil have been estimated t4 388 tillion barrels or 181 Gtoe by British
Petroleum The proverreserves for natural gase 187.5 Gm3, which corresponds to 169 Gtoe.
The btal reserves of oil and gas arenh®0 Gtoe and 43 % of them ameeckd for electricity
generation.

About 2630% of oil and gas is used for pew generation today20-30% of the awailable
reserves correspond #®-105 Gtoe. This is less thasmneeded for power generation. However,
in many sectors oil and gasll be switching to electricity. Cars will be switelg from gasoline
to electric or hybrid cars. Households are switching from natural gas and heatimgleittric
heating and cooling, but switching to electricity will be more difficult in marine and air traffic.
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8 FROM COAL TO NUCLEAR AGE

8.1 Electricity generation in the world

The electricity generation sources can now be summed up from each sector in chapters 5, 6 and 7
(Figure 8.1.1). The market shares of each sobase been given in Figure 8.1.2. We can define
theages gien the name by the source thast the largest market share in the defined period.

From this data we can say that we ao&v living in acoal age Coal fired electricity generation
is still growing and it will peakby 2020. However, the anket share of coal will decline from
32% in 2009 to 25% in 2025. The coal fired power generation will decteassaty zero by
2100, but coal wilktill be used in CHP generatitmen.

The coalage will end by 2025, whenthe oil and gas power plants or hydrocarbons will be the
have the highest market shareselactricity generation (Figure 8.1.Z)he hydrocarbon age
will continue from 2025until 2041, when nuclear electricity will overtake the hydrocasbo
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Figure 8.1.1 Thedrecasted kectricity generationsourcesn the world

147



Market Shares Electricity Generation Sources
in the World

O Solar

B Wind/wave

O Hydro

O Biomass/waste
@ Municipal CHP
O Industrial CHP
@ Old nuclear

B New LWRs

B New Breeders
O Oiland Gas

B Coal
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Table 8.1.1 Theofecasted gurces of electricity generation

Sources of Electricity

Sources of electricity

Market shares

Generation 2009 2050 2075 2100 2009 2050 2075 2100
in the World TWh TWh TWh TWh (%) (%) (%) (%)
Coal 6 363 3884 - 31,7 % 9,3% 0,0 % 0,0 %
Oil and Gas 5191 8 638 5 548 2 072 25,8 % 20,6 % 11,7 % 4,1 %
Total Fossil 11 554 12 521 5548 2 072 57,5 % 29,9 % 11,7 % 4,1 %
New FBR - 418 3103 6 556 0,0 % 1,0% 6,6 % 13,0 %
New LWR - 10 698 13 048 6 056 0,0 % 25,5% 27,6 % 12,0 %
Old nuclear 2 698 259 0 0 13,4 % 0,6 % 0,0 % 0,0 %
Total Nuclear 2 698 11 375 16 151 12 613 13,4 % 27,2 % 34,2 % 25,0 %
Industrial CHP 1523 3733 4224 4539 7,6 % 8,9 % 8,9 % 9,0 %
Municipal CHP 528 1492 1677 1 656 2,6 % 3,6 % 3,5 % 3,3%
Total CHP 2 051 5 225 5 900 6 194 10,2 % 12,5 % 12,5 % 12,3 %
Biomass/waste 164 1189 1503 1570 0,8 % 2,8 % 3,2% 3,1%
Hydro 3272 5274 6 000 6 475 16,3 % 12,6 % 12,7 % 12,8 %
Wind/wave 321 5284 9 197 12 134 1,6 % 12,6 % 19,5 % 24,0 %
Solar 34 1026 2 955 9 484 0,2 % 2,4 % 6,3 % 18,8 %
TotalRenewable 3790 12 773 19 655 29 662 18,9 % 30,5 % 41,6 % 58,7 %
Total 20 094 41 895 47 254 50 541 100,0% 100,0% 100,0% 100,0 %

148




Hydrocarbons willstill be neededn the year 210(ecause of peaking and reserve power
generation still, when theil and gas plants will have4% share (Table 8.1). CHP plants will
havea 12% share by then and gas will still hate largest share in CHP power generation.

The ruclear share will decrease from 13% in 200@4dowest share of 9 in 2017. Thereafter
the nuclear share will start to increase again, when the mamplants under @nstruction will
be connectetb the grid.

Nuclear generation will overtakbe hydrocabons in 2041, whethe nuclear share will reah
24% market share artthe world will be in thenuclear age The nuéear share will then peak at
36% during the yea&207580. The nucleaage will end by 2110 whewind power generation
will overtake nucleaandboth will generate about 24 of electricity.

The wind age will last from 2110 to about 21380, when solaelectricity will be the biggest
source of elecicity. The world will enteiinto the solar age which could last forever.

Capacity additions
The capacity additions itheworldd slectricity maket will be changing ahead tife generation

markets (Figure 8.1.3). The capacity additions will grow from 200e@W2010 to about 350
GWein 2050 and 650 G\&in 2100.
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Figure 8.1.3The brecasted pwer plant apacity additions annuallyn the world
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Oil and gas fired power plants have taken the lead in annual capacity addition and now almost
100 GW¥&a of new oil and gas capacity will be built annually after year 2010. \iid capacity
additiors will overtake dl and gas capacity additions between ye&4050.

If nuclear cpacity additions will grow to 6%55We/a by 2030, this will make nuclea power

generationthe number one source of electricity after 2040nally, solar power capacity
addiions will overtake wind plants betwe@©802100. This will happen some 3 years

before solar will become the largest sourcelecteical energy aroung120-2150.

8.2 North America

The main source foelecticity generation in North America will delap from coal to oil and
gas then via uclear to renewable sources similar to the global develop(hrantre 8.2.1). Coal
power wil be mainsource for electricityand North America will be living in thecoal ageuntil
2025.

The hydrocarbon agewill follow from 2025 until 2040, when the oihd gas share will drop
below 2%6 and nuclear electricity will take the lead. This will be the time when local sources of
oil and gas will also be exploited and therth America will be depended amported oil and

gas.
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Figure 8.2.1The brecasted kectricity generatiorsourcesn North America
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Figure 8.2.2 Thedrecasted rarket shares of electricity sources in North Amerida and gas
age will be betweetheyears 202582040 andhe nuclear age betweehe years20402090

North America will come intdhe nuclear agein 2041, vhenthe nuclear share will reach 2
of electricity genertion. According to the planuclear capacity additions will increase toQRD
MW by 2025, which corresponds ten large nuclearplants annually. Nuclear investments
should continuat this level until 2050 to get rid of coal fired power plants ang-&@issions.

Thenuclear age will last until 209@vhen the wind and wave share will reac®2@f generation
and North America will benter thewind age Wind energy isalready very profitablén the US
in theMid West, where favorable winds blow throughthg yearSolar power generation would
take the lead from wind arourl20-2140 andthe solar agewill thenlast until the unknown
future.

The CO,-emissions from electricity generation in North America will continue at the gresen
level until 2020 (Figure 8.2)3After 2020 nuclear power and renewable sourcesstaiit togain
market sharg which will drop the share of coal and g@missions. The emissions walill be

660 MtCQ in 2050 (1.5 tCQcapita), which is more than ti&rget of 0.69CO,/capita.

In 2100 the C@emissions will be 250 Mt/a (490 kgGl@apita). This will be above the target of
140 kg/capita ashNorth Americashould buy emissiorights from the countries that have lower
thantarget emissions.
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Figure 8.2.3The brecastedCO,-emissions fronelectricity generation in North America

8.3 The European Union

Electricity consumption has been growing moderatelyhe European Uniomand it reached
3180 TWh (6700 kWh/capita) in 2009 (Figure 8.3.1). The forecasted electricity generation will
reach 3880 TWh in 2050 (7750 kWh/capita) and 3640 TWh (8600 kWh/capita) in 2100.

Electricity geneation sources in the Edre deveadping ahead of the rest of theorld. Nuclear
power became the number one electricity sourcadyrén 1993, when it reached @2market
share of electricity sources and overcome coal (Figi&2)8.The nuclear share was abovéc30
until 2005.

In the future he nuclear share will decrease below®dnd hydrocarbons will overcome nuclear
by 2012 However,the nuclear share will staihcreasing again and will reach a 25% share in
2034 andbe the major source of electricity until 2070, when witettcity generation will
reach 266 of electricity generation and end the nuclear age. Thuéirdtenuclear agewas
duringtheyears 1992012 and theecond nuclear ageuringtheyears 2034070.

The hydrocarbon agewill be between the nuclear ages from 2012 to 203#.wind age will
follow the nuclear age after 2070 and finally EU will end sitar ageby 212050.
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Figure 8.3.1 Thedrecasted kectricity generation sources in European Union
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Figure 8.3.2The brecasted rarket shares of electricity sourcesEuropean Union
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Electricity generation with fossil fuels the EU has increased from 1230 TWh in 1990 to 1430
TWh in 2009. It is still increasing and peaking at 1600 TWh in 2015. The peak.Her@i®son
in EU was reached in 2007, when emissions were 1400 MbER@8 tCQ/capita (Figure 7.3.3).
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Figure 7.3.3The brecastedCO,-emissions of electricity generation tihe EU

The forecasted C&emissions of electricity generation will decreas&@0 MtCG by 2050 and
150 MtCQ by 2100. The specific C&emissions will reach 700 kg/capita by 2050 and 300
kg/capita by 2100. The figure of 2050 will be near the target of 690 kg&gia, but the 2100
figure of 300 kgCO,/capita is far from target df40 kgCQ/capita.Thus also Carbon Capture
and Storage (CCS) program will be needed.

8.4 The rest ofEurope (Transitional Economics)

The electricitygeneration inthe rest of Europe was decreasaiter 1990, when the Former
Soviet Union countries startditheralization. The lowest electricity consumption figures of 1554
TWh were achieved in 1997. The consumption is now 2000 TWh and will reach 3200 TWh in
2050 and 3300 TWh in 2100 (Figure 8.4.1).

The largest source of electricity generation in the reBuobpe has been the combined heat and

power (CHP), which generate -23% of electricity (Figure 8.4.2). Most cities have district
heating systems and the largest cities also have CHP generation.

154



Electricity Generation Sources
in Rest of Europe

3500

3000

2500

2000

TWh

1500

1000

500

@ Solar

B Wind/wave

O Hydro

O Biomass/waste
@ Municipal CHP
O Industrial CHP
B Old nuclear

B New LWRs

B New Breeders
O Oiland Gas

B Coal

Figure 8.4.1 Thedrecasted kectricity generationsources in theast of Europe
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Figure 8.4.2 Thedrecasted rarket skares of electricity sources in thest of Europe
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There is still large potential for CHP plants in smaller cities and it is forecasted that the CHP
share will reach 30% in 2027.

Natural gas condensing power plants have been the second largest source of electricity and most
of the CHP plants use natural gas. Natural gas condensing plants have about a 20% share, which
will decrease as more and more natural gas will be used for €r#f?agion in the future.

The share of nuclear power has been increasing from 10% in 1990 to about 15% in 2009. It will
reach 20% by 2050 and will peak at 27% in 20I#te main source of electricity has been natural
gas and the rest of Europe has bedandjyn thehydrocarbon agesince 1990.

The nuclear agewill be starting in 2055whennuclear power will overcome the hydrocarbons.
The nuclear age will continue until 2100, if the largest cities will have nuclear CHP flhats.
first nuclear CHP plant (AkadeinLomonosov) will be start itsperation in 2012.
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Figure 8.4.3The brecastedCO,-emissions of electricityeneration in theest of Europe

When the electricity consumption was decreasing the generation of fioesiklectricity was
reducing from 46% in 1990 to 24% in 1997. This reduced thged@ssions from 900 Mt to 400
Mt in 1997 (Figure 8.4.3).
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Fossil fired plarg generate todagbout 3235% of electricity andasmost of tle CHP plants use
natural gaghe CQ-emissions are increasing. The emissions will peak at 850 Mt in 2020 and
will then reduce to 670 Mt by 2050 and to 190 Mt2i¥0.Thus the rest of Europe would need a
CCS program to reach the targets.

The specific emissionsf electricity generabn were1800 kgCQ/capita in 200. The emissions
will decrease to 1750 kg/capita by 2050 and to 620 kg/capied 0. Theboth figures are more
than 1006 above the targets of 690 kg/dapby 2050 and 18 kg/capita by2100.Thus also the
CCS will be neeed.

8.5Japan

Electricity generation in Japdmas increaseftom 840 TWh in 1990 to 1115 TWh in 20009. It
will still be increasing to peak at 1300 TWh in 2030 (Figure 8.5.1).r 280 the population of
Japan will stet to declineand thus also electricity consumption will stiar decrease
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Figure 8.5.1Thedrecasted kectricity generation sources in Japan
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Figure 8.5.2 Thedrecasted rarket shares of electricity generation in Japan
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Figure 8.5.3The brecastedCO,-emissions of electricity generation in Japan
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Japan has been living in tidrocarbon agefor a long time. Oil and gas fired power plants
have had a 47% market share of electricity generation in Japan in 1990 and 40% in 2009 (Figure
8.5.2).

In 2058 thenuclear electricity market share will reach 36% and nuclear power withde
number one electricity source in Japan. Tlelear agewill then last from 2058 until 2120,
when wind or solar plants will overcome nuclear generation.

The CO,-emissions otlectricity generation in Japan have peaked at 570 Mi€@007 (Figure
8.5.3).The emissions will decrease 270 MtCQ by 2050 and to 30 Mt b2100. The emissions
per capita will reducéom 3800 kgCQ'capita in 2009 to 2600 kgG@apita by2050 and td00
kgCOy/capita by2100.The both figures are far from the target of 690 kgCépita by 2050 and
140 kgCQ/capita by 2100Japan would need in addition a massive CCS program.

8.6 Latin America

Electricity generation in Latin Americlaas increaseffom 500 TWh in 1990 to 1@BTWh in
2009. It will still continue to increase to 2480 TWh by 2050 and 3330 TWR169 (Figure
8.6.1).
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Figure 8.6.1 The forecastetketricity generation sources in Latin America
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Figure 8.6.2 Thedrecasted rarketshare of electricity sources in Latin America
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Figure 8.6.3The brecastedCO,-emissions of electricity generation in LlkaAmeica
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The main source of electricity generation has been hydro, which has a 65% market share in 2009
(Figure 8.6.2). The hydro share will go down to 48% by 2050 and 40% by 2100. Thus Latin
America continues to live ithe hydro agealso in the future. Nuclear ivbe the second largest
source by 2050, when the nuclear share has increased to 25% of generation. In 2100 both wind
and nuclear will have 202% market share.

COy-emissions have been increasing as more fossil fuel power plants have been constructed. The
emissions are now 210 MtG@nnually (Figure 8.6.3). The emissions will peak at 280 MtibO

2016, if the new nuclear plants will replace coal in electricity generation. The specific emissions
will be 200 kgCQ/capita in 2050 and 120 kgGapita in 2100The both figures are below the
targets of 690 kgCgcapita in 2050 and 140 kgGapita in 2100.

8.7 The Middle East

Electricity generabn in the Middle East has grovitom 240 TWh in 1990 to 760 TWh in @0.
It will reach to 2770 TWh by 2050 and 5408Vh by 2100 (Fgure 8.7.1). The major reason for
the growth ighe population, which will increage more than 500 million by 2100.
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Figure 8.7.1 Thedrecasted kectricity generation sources in the Middle East
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Figure 8.7.2 Thedrecasted rmrketshares of electricity generation sources in Middle East
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Figure 8.7.3The brecastedCO,-emissions of electricity generation in the Middle East
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The main sources of electricity in the Middle East have been oil and gas (Figure 8.7.2), and the
countries hae been living in théhydrocarbon agefor a long time. Hydrocarbons have had
about 70% share from the electricity generation. Nuclear generation will achieve a 35% share by
2050 and will overcome oil and gas by then. Tiaelear agein the Middle East wilthen last

from 2050 until 2100.

The Middle East will need quite a large nuclear programrder tocut theCO,-emissions. The
capacity additions after 2030 should be 4500 MWe annually, which corresmotittee 1500
MW nuclear plants. At the moment there are two plants under aotistr in Iran and four
plants h the planning stage ithe United Arab Emiratest would very profitable to sell the oll
and gago theworld marketrather than use it fdvase loagower generation.

The Middle East willbe enteringinto thesolar agein 210Q when solar will be the main source
of electricity. The Middle East is one of the bpkices for solar power throughdbe year and
the solar age will probably stdrom there in the future.

The CQ-emissions of electricity generation in the Middle East have been growing rapidly from
160 Mt in 1990 to 490 Mt in 2009 (Figure 8.7.3). The &missons will then rise to 800 Mt by
2020 and continue at this level untd&0. They will then start to decrease as the Middle East is
approaching thesolar age The emissios will go down to 440 Mt by2100. The specific
emissions in 2100 will be 1250 kgG/@apita, which imearly ten timeshe target value of 140
kgCOy/capita(2100) Thus the Middle East will need a massive CCS program to reach the target.

8.8 Africa

Electricity consurption in Africa has increaselom 320 TWh in 1990 to 630 TWh in 2009
(Figure 8.8.1). The growth will continue the future and reach 2220 ThWAby 2050 and 3900
TWh by 2100. The specific consumption will grow from 560 kWh/capita in 2609150
kWh/capita in 2050 and by 1750 kWh/ capitaz2dyO.

Coal has had the laggt market share until now andrfka will continue to livein the coal age
until 2030.Hydrocarbons will overtake coal by2030 as the largest source of electricity.

The nuclear agewill start in 2051, when nuclear will reach Z/% share and overtake the
hydrocabons. The nuclear age will then last until 2090ew hydro power W achievea 27%

share and overtake nucleBliuclear capacity additions could start at 2022 with 3000 MW of new
capacity connected to the grid annually. This corresponds to two 1500 MW nuclear plants each
year.
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Figure 8.8.1 Thedrecasted kectricity generation sources in Africa
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Figure 8.8.2 Thedrecasted rarket share of electricity generation sources in Africa
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There are already some plants in operation in South Africa and several more in the planning
stage. Also Egypt is planning build nucleapower plants. However, there are large potential
of renewable capacity available.

The CO,-emissions of electricity generation have been increasing fromM220 1990 to 410
Mt in 2009. The missions will be increasing 690 Mt by 2020 and peaking &0 Gt in 2050.
After the new nuclear and renewable power plant gain market share, then@3ions will
decline to 140 Gt b2100.

The specific emissions were 440 kgfcpita in 2009. The essions will be 370 kg€ O./capita
by 2050 and 60 k@ O./capitaby 2100. The both figuresre lower than the target of 68CO,
capita (2050) and 140 KgO./capita (2100)
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Figure 8.8.3The brecastedCO,-emissions of electricity generation in Africa

8.9China

Electricity generation in China has increaseain 620 TWh in 1990 to 3720 TWh in 2009. The
growth will continue and @ansumption will be 1200 TWh by 2050 and 13 300 TWh B¢00.
The growth in consumptiotas been % annually sioe 1990. It will slow down to % from
2009 to 2050, because the popiskaigrowth will be quite moderate in the future.

165



Electricity Generation Sources
in China

O Solar

B Wind/Wave

W Hydro

M Biomass

O Municipal CHP
M Industrial CHP
O Old nuclear

B New LWRs

B New Breeders
B Oiland Gas

B Coal

Figure 8.9.1 Thedrecasted kectricity generation sources in China

Electricity Generation Sources
in China

O Solar

B Wind/Wave

B Hydro

B Biomass

O Municipal CHP
B Industrial CHP
O Old nuclear

B New LWRs

B New Breeders
B Oiland Gas

B Coal

Figure 8.9.2 Thedrecasted rarket shares of electricity generation in China
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China has been living in ttmal ageand coal has a 60% share of electricity generation (Figure
8.9.2). Thenuclear agewill start in 2050, when the nuclear share will increase to 25% and
overtake coal as the number one electricity source in China. The nuclear age will end in 2095,
when windpower will reach a 25% share and overtake nuclear power as the market leader.

China will need a massive nuclear program to get rid of coal fired power plantauclaear
capacity additions should be 200 MWe annually starting from 2021. This is ab80%o of all
nuclear capacity additions in the world. However, this is much lesghbabout 50000 70 000
MWe of coal plants that China has bwhnuallyduring the last ten years

Between the years 2050 and 214dlfbut 50% of new nuclear plant should baélt as nuclear
CHP plants. Thigequires that a new type of nuclear plants will be developed by 2050. The
plants should be inherently safe that they can be located in the vicinitypopulation centes:.
The plants could be usgeeder reactor techragly, which China is developing at the moment.

The CQ-emissions have been increased from 450 Mte€M 1990to 2700 MtCQ/a in 2009
(Figure 8.9.3) The emissions will peak at 4000 Mt in 2020d will decreas¢o 3200 Mt/a by
2050 and 240 Mt/a bp100. The specific emissions were 2000 kgapita in 2009. The
emissions will reach 2300 kgGapita by 2050 and then go down B90 kgCQ/capita by
2100. The both figies are above the targets of 8@CO, (2050) and 140 kgC£(2100). To
reachthe tagets China would need an additional G@8gram.
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Figure 8.9.3The brecastedCO,-emissions of electricity generation in China
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8.10 India

Electricity consumption in Idia has growrfrom 280 TWh in 1990 to 870 TWh in 2009. The
growth will continue in the future and meumption will reach 2300 TWh by 2050 and 2880
TWh by 2100. The specific consumption was 730 kWhii@ain 2009 and will increase 1400
kWh/capit by 2050 and 2000 kWiapita by2100.
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Figure 8.10.1 Thedrecasted kectricity sources in India

The main source of electricity in India has been cbhe cal agein India will end in 2042,

when the nuclear share will increase to 25% and it will overtake coal as the number one source
of electricity. Thenuclear agewill then last from 2041 until 2120, when solar power will
overtake nuclealhesolar agewill then last from 2120 to the unknown future.

India will need amassive nuclear and renewabplewer program to get rid of coal in the future.
The capacity additions of nuclear power should be 4500efd\étarting in 2030. This will also
include breeder reactorsyhich are under development in India. The breeders may include
thorium breeders, which are breeding fertile thor2@2 into fissile uraniur233.
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Figure 8.10.3 Thedrecasted C@emissions of electricity generation in India
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India is alsoa very good area for wind power devptoent. The capacity additions wafind
power will increase t&000 MWe/a by 2030andto 6000 MW&/a by2050. However, solar power

will be the bessolution for electricity generation in the future, because of good solar conditions.
Solar power capacity additions in India are increasing continuously and will ee2&8000
MWe/a level by2100.

The CQ-emissions of electricity generation india areincreasing very rapidlyThe emissions
were 200 MtCQ@a in 1990 and 660 MtCfZa in 2009 (Figure 8.10.3). They will peak at 900
Mt/a in 2025. Thereadr the emissions will decrease to 650 Mt/a by 2050 and to 140 Mt by
2100. The specific emissions webb0kgCO,/capita in 2009. They will reach 400 kggCapita

by 2050 and 100 kgC#rapita by2100. These figres are lower than the targets of 690
kgCOy/capita (2050) and 140 kgGlapita (2100).

8.11The rest of Asia and Oceania

The electricity consumption ithe red of Asiaand the Pacifihias increased from 680 TWh in
1990 to 1800 TWh in 2009 (Figure 8.11.1). The consumption williwoe to increase to 4900
TWh by 2050 and to 6160 TWh b¥100. The specific consumption was 1400 kWh/capita in
2009. Itwill grow to 2930 kWh/capita by 2050 and to 3900 kWh/capita 180.
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Figure 8.11.1 Thedrecasted kectricity generation sources in rest of Asiad thePacific
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Figure 8.112 The brecasted rarket sharea oflectricity generation sources in rest of Asiad
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The main electricity sources in thest of Asiaand thePacific have been oil and gas plants. The
hydrocarbon age will continue until 2069, wherthe nuclear share will increase to &and
overtake oil and gas. Theuclear agewill last from 2070 to 2100 until wind and wave plants
will take the leading role in power generation. Thind age will then continue until solar
electricity will take the lead in aroun2120-50.

Nuclear power capacity additie will increase to 6000 M#a by 2026, which corresponds to
four 1500 MWe plants annually. Mst of the investment will be made in South Korea, but new
nuclear plants will also be built in Bangladesh am&ietnam, which have signezbntracs to
build two 1000 MW plants each by 2020. Gghnuclear countries include Pakistan, Thailand,
thePhillipines and Indonesia.

The CO,-emissios of electricity generation in thest of Asiaand the Pacific have increased
from 300 MtCQ/a in 1990 to 800 MtCga in 2009 (Figure 8.11.3). The emissiani peak at
1400 MtCQ/a duringthe years 20272050. Therafter the emissions will degrease 200
MtCO,/a by 2100. The specific emissions in thest of the Asiaand thePacific are now 710
kgCO2/capita. They will reach 860 kg@€apita by2050 and go den to 120 kgCQ'capita by
2100. The 2100 figure will be belathe target ofLl40 kgCQ/capita
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9 THE FEASIBLITY OF NUCLEAR POWER

9.1 Planning ofa nuclear project

Nuclear project presents onetb& most complicated anthrge industrial projects thaaveever
been implementedThe success of the project depends very much on the experience of the
project people andn organized project planning.

A nuclear project can be dded irto six phasesthe feasibility studyphase, supplier selection
phase, designing phaghe implementation phaséhe operation phase artle decommissioning
phase (Figure 9.1). It will typically take fouryears before ate approval for the site has been
obtained(Figure 9.1.2) After state approval it will take about ten years before the plant will be
handed over ito commercial operation.

Feasibility
Study phase
36-72 months

Prefeasiblity study
12-24 months

Site approval

12-24 months

State approval
12-24 months

Supplier
Selection
18-36 months

Inquiry for bids

Preparation of bids for

NSSS and TG-plant
6-12 months

Selecting of
the main suppliers
6-12 months

6-12 months
Designing
Phase Design ¢
48 months power plant
24 months

Construction permit

Construction permit

Impelmentation
Phase
60 months

Construction
24 months

Operation
Phase

Training similator

Decommisioning
Phase

Storage of spent fuel
60 years

Figure 9.1.1 The phases imaclear project
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Project phase Project activities State authorities

Environental Impact
Assessment program

2.6.1998
Feasibility
study phase EIA Approved
4years 17.2.2000
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DIP application
15.11.2000
Decision in principle (DiP)
Issued 24.5.2002
Project
Preparation phase Supplier selection 19.12.2003
2 years 9 monts Constrction permit
application 8.1.2004

Construction licence
Issued 7.2.2005

Construction phase
8years Construction (2005-2012)
Operation permit application

Operation licence

Operation phase
60 years Operation

2013-2073

Nuclear waste repository
Construction licence
2014

Waste repository Nuclear waste repository
construction (6 years Construction (2015-2020)
and and operation (2020-)
operation (100 years)

Figure 9.1.2The main decisionsade in thélkiluoto-3 nuclear project
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The operation phase should be prepared carefully during the project execution phase and the

operators should be trainedtlva training simulator. If @raining simulator is not available, it
should be built beforéne training can be effectively executed.

Finally the decommissioning phaseoshd be planned. Thishould include alpn for interim

storage and final positoryof the high ével nuclear waste and a plan ttecommissioning of

the nuclear plant aftehe operation phase

9.2 Prefeasibility studies

Nuclear project will actually stashen the future owner of the nuclear plant starts studyieg

alternative nuclear power plants in his future generation mix. These studidseleattoroughly
described in myarlierb o o Ranriing of optimal power systetns

These studies include cost estimatesefach of the alternative power plants and simulating the
costs and profitability othe power plang in the utility system. The result of the optimization
should give the optimal sizes thfe power plants and schedul@sconnect each of the plants to

the grid. They shouldlso includethe necessary grid and reserve power investments. If the size
of the power plant increases, the reserve power needs and network investments will increase as

well.

9.2.1 Investment costs

The cost estimates f@ower plants in this phase could be generatedsingthe experiences of
formernuclear investments. Thavestmentoss shold be converted into current cost level by
using cost index (Table 9.2.1). The costdhaf Loviisa-1/2 and the Olkiluoto-1/2 plants were
a fk\We réspebti2edy. Théotal investment costs ahe Olkiluoto-3 plant wil be
about /kWeds igethe costof the old plantsHowever, the plant was sold at a fixed

01393

pri ce oWe. The 0933 bfkAreva are therefal® ut 01500/ k We tler
sales price.
Tabe 9.2.1 Therivestment costs of Finnish nucleawer plants

Loviisa-1 Loviisa-2  Total | Olkiluoto-1 Olkiluoto-2  Total [ Olkiluoto-3
Output MWe 488 488 976 880 860 1740 1600
Grid connection 1977,2 1979,5 1978,8 1980,2 2013
Cost index (2010 = 100) 22,2 28 25,4 30,8 100
Investment costs Meur 167 170 337 324 426 750 5600
Costs at 2010 lev Meur 752 607 " 1359 1276 1383 2658 5600
Eur/kWe 1542 1244 1393 1450 1608 1528 3500

TheFinnish cost®f a small nuclear plant daot predict the present costs ofaage pant. There
are several factonwhich influence costs. The new safety featuseh as protection agairest
aircraft crash and core meltdowncrease costs.
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In my opirion the lowest specific costs would be obtainec 68001000 MW size. The cost
estimates in plant over the 1000 MW size seerhawe scaling factor of.2-1.5, which means
that the specific costs #te 1600 MW size would be higher thanZ300 MW size The factors
thattend to raise the costs,eafor example the turbine speed. Above 1000 MW size the speed
should 1500 r/min (or 1800 r/min in the U&pw rotation speed makes the turbine moubre
heavier and expensive thtrefull speed (3000 r/min) tiamnes.

Large size also will increaseconstruction time andhe interests during construction (IDC).
Large size means more powerful transmission linad more reserve power planthe tip of
the plants also requires more regulatieserve power, whitshould replace the loss oficlear
power within 15seconds anthenrestore thesystem back to be ready foisacond disturbance.
These external costs, if caused by thelear plant, have to be paid lblye nuclear pladt s
investor.

9.2.2Generation costs

The generation costs of alternative power plants should be evaludtesipirefeasibility study
phase. Ifa nuclear plant gives the lowest costs, then the investment carstifeegl. The main
competitor for anuclear plant isiot today the coal fad plant buta gas firel CHP plantanda
wind power plantan generate power at the lowest cost.

The investment costs @fnuclear plant are @011 costlevel U 2 51 B500kWe (Table 9.2.2).
The generation costs of nuclear plants are typiaalyi B5/MWh, if the utilizationtime of the
power plant is 700000 h/a. A wnd power plant camlso generate electricigt the costs of

U 3i52/MWh at good sites, where thallf power hours reach 2008000 h/a. The generation
costs of a gas combined cycle plant alow cost nuclear plant are the same at full power hours
of Ty

T,=(17556 0. 6) U/ KIWa ViVh § 115.9/38.0 h/a =3D h/a
A combined cycle plant and a gas engine plant will generate power at thecstrae :
T,=(60.640. 1) 0/ ¥Wa/B¥yhi<26.8/128 h/a= 1590 h/a

At the intermediate power range (1598020 h/a) gas combined cycle plants genetiagdowest

cost electricity. At the peaking power ran@& 1590 h/a) the lowest costs will be generatedby
gas engine planDuring the old days the base load was planned with coal fired power plants. A
coal plant ané gas engine plant will generatke€etricity at the same costs af T

T3=(10764 0. 1) 4/ k4V8 ./BIYWh6u87.5419.8 h/a = 3410 h/a

Thus if coal plants will be built,hey would be economical at 348Y65 h/a. Ga®r diesel
engines are more economical than coal plants, if the@dwer hours would bei@410 h/a.
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Table 9.22 Preliminary generation cost evaluatigaiscount rate 5 %)

Type Nuclear  Nuclear Coal GasComb. Gas Wind Wind
low high Cycle Engine low high

Concept MW 1x1000 1x1000 2x500 2x500 20x 10 40x3 40x3
Output MW 1000 1000 1000 1000 200 120 120
Capital costs

Mechanical systems Meur 1000 1300 600 300 60 70 90

Electrical systems Meur 300 500 150 100 20 15 20

Buildings Meur 500 650 200 100 10 20 25

Indirect costs Meur 360 490 190 100 7 9 21 27

Fuel storage Meur 40 50 67 77 -

Basic costs Meur 2200 2990 1207 677 99 126 162

Construction time Years 5 7 4 3 1 2 2

Interests during constr.Meur 275 523 121 51 2 6 8

Total costs Meur 2475 3513 1327 728 101 132 170

Specific costs eur/kWe 2 475 3513 1327 728 507 1103 1418

Discount rate % 5% 5% 5% 5% 5% 5% 5%

Operation time years 60 60 30 30 30 25 25

Annual costs eur/kWa 130,7 185,6 86,3 47,3 33,0 78,2 100,6
Fixed O&M costs

Number of operators 200 200 80 60 20 10 10

Wages / operator keur 100,0 100,0 100,0 100,0 100,0 100,0 100,0

Wages eur/kWa 20,0 20,0 8,0 6,0 2,0 8,3 8,3

Other fixed costs eur/kWa 24,8 35,1 13,3 7,3 51 11,0 14,2

Total fixed O&M eur/kWa 44,8 55,1 21,3 13,3 7,1 19,4 22,5
Variable O&M costs

Maintenance euMWh{ 98 " 135 [ 56 " 50 60 [ 21 2,8

Consumables eur/MWh 2,0 2,0 2,0 0,5 0,5 0,1 0,1

Total eur/MWh 11,8 15,5 7,6 55 6,5 2,2 2,9
Fuel costs

Efficiency % 35% 359 42 % 52 % 42 %

Fuel price eur/MWh 2,0 2,0 7,0 20,0 20,0

Fuel costs eur/MWh 57 57 16,7 38,5 47,6

CO2-price eur/t 30,0 30,0 30,0

CO2-emissions g/kWh 810 385 476

CO2-costs eur/MWh 24,3 11,5 14,3

Total fuel costs eur/MWh 57 57 41,0 50,0 61,9 - -
Total fixed costs eur/kWa 175,5 240,7 107,6 60,6 40,1 97,6 123,1
Total variable costs eur/MWh 17,5 21,2 48,6 55,5 68,4 2,2 2,9
Generation costs

at 8000 h/a eur/MWh 39,4 51,3 62,0 63,1 73,4

at 7000 h/a eur/MWh 425 55,6 64,0 64,2 74,1

at 6000 h/a eur/MWh 46,7 61,3 66,5 65,6 75,1

at 5000 h/a eur/MWh 52,6 69,4 70,1 67,6 76,4

at 4000 h/a eur/MWh 61,3 81,4 75,5 70,7 78,4

at 3000 h/a eur/MWh 76,0 101,5 84,5 75,7 81,8 34,8 43,9

at 2500 h/a eur/MWh 79,7 84,4 41,3 52,1

at 2000 h/a eur/MWh 85,8 88,4 51,0 64,4

at 1500 h/a eur/MWh 95,9 95,1 67,3 84,9
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9.2.3System costs

The eration of the alternative power plants can themibrilated in the real system for one
week (Figure 9.2.1). If all weeks would be the same, the system would need 73 TWh of
electricity annually.In the traditional system (Case Table 9.2.3) the base load would be
generated with 9000 M¥/capacity of coal fired plantt600 MWeunit sizg and the peak and
reserve needs withO0 MWediesel or gas engines.

Electricity consumption during one weel

10000
9000 /‘\_v AN A I\VA ALVA N
sooo A\ "N N
7000 ag wﬂ
6000

5000

MWh/h

4000
3000
2000
1000

0 24 48 72 96 120 144

Figure 9.2.1 Hourlyelectricity consumtion during one week irseptembe2010 in Finland

Additionally a1000 MWe capacityof gas or diesel engine plarissneeded for fst reserves to
cover trip of two500 MWe coals The total costsaassuming that all weeks are thensawould
be 04592 mi/MWh (bable9@.B). Thebotal.eMissions woulthe 59 MtCQ or 807
gCO/kWh.

If two 1000 MWe nuclear plants will be added to the syst@ase 2), then 7000 Mé¥emains
to be generated by coal plants and 500 &BY diesel or gas enge plants Additionally, 2 x
1000 MWk diesé or gas engine capacitwould be needed for reserves. The first 2000/é
plant capacity wouldbe needed foreseves to cover a trip dhe first nuclear planfThe second
1000 MWeis needed to cover thep of the second nuclear plant.

The annual costs ad system with twol000 MW nuclear plastwouldbed 4390 mi | | i on
U 6.0MWh. The two unit nuclear plant would make the annual @@€0 0 mi | | i on | owe
Case 1 withouthe nuclear plants. The annual g@missions would be 44.2 MtGQr 605

gCO/kWh
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Table 9.23 Simplified evaluation of thEinnish power systerasing the datagiven in Figure
9.2.1

Casel Case?2 Case3

Generation mix

Nuclear capacity MW 0 2000 7000

Coal capacity MW 9000 7000 0

Gas CC capacity MW 0 0 2000

Gas or diesel enginedMW 1500 2500 2500

Total capacity MW 10500 11500  1150d
Annual generation TWh 73 73 73
Generation costs

Annual costs Meur 4592 4390 3669

Specific costs eur/MWh| 62,9 60,1 50,3

Index 100 % 96 % 80 %
Emissions

Annual emissions  MtCO2 58,9 44,2 4,6

Specific emissions gCO2/kW 807 605 63

Index 100 % 75 % 8 %

If the system would be optimized to get the lowest costs (Cakab® 9.2.3 then the base load
should be genetad with 7 x 1000 MWbf nuclear plantsthe intermediate load with 2000 MW
of gas fired combined cycle plants and the peak and reserve load with 500f lg&8 engine

plants. Additionally 2 x 1000 MW fareserves are needed to cover thps of two 1000 MW

nuclear units.

The totd annual costs woulthenbet 3 6 6 9  arid 5 BNMVWhnThe annual costs would be
0923 mi %)llower than(WBodt nuclear power in theaSel. The anual CQ-emissions
of electricity generation would come down to 4.6 MtGf to 63 gCQkWh. Thiswould be
92% lower than in the Case With thecoal fired base load generation.

The Finnish power systetodayhas2400 MW of nuclear capacity in opation, one 1600 MW
plant underconstuction and two 1500 MW plants in supplier selectubrase. In therear 2020
the total nuclear capacity in Farild would be about 7000 MW. The nuclear cépagill be 1.3
kW/capita and the largest specific nuclear capagityany country Additionally Finland has
abouta 5000 MW capacity of CHP power plants, which will iieeded mostly during the winter
time to cover the 16 000 MW pkload during the coldest winter days. There is 28060 MW
of hydro capacityand 2000 MW capacity of condensing power plants
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9.3 Sitestudies

A very critical task is to find the g$for the new nuclear plantsThe site has to have good
cooling water conditions, andot very far from the high voltageetwork. Additionally,within a
5-20 km radius from the sitthere should be practically rpermanent population, because during
accident situations this population should be evacuated.

Another critical factor ighe ground condibns at the site. The best soil for the site is granite
rock, where thébasementan be builtwithout massive concretstructures. The bad seismic
conditions could increase the costs of nuclear power plant investmentslaind=a nuclear plant
should be designed to withstaedrthquake acceleratiai 0.1 g(g=9.81 m/8). However, there
are sies abroad, where 0.25grequired.

The site has to be approved by the local muniitipaf municipal council has typally some

30-60 members thaghould approve the nuclear plant to be built. The author has been a member
of the Espoo citycouncil, but during the yeaf®9861992 nuclear power was outthe question
because of the li@rnobyl accidentespoo hadhadthe first research reactor (Triga) in operation
since 1962 angossibilities of a heating reacteere studied during years 1989.

There are municipalities thaavor nuclar power. A nuclear power plamiould generate tax
revenues for the comunity, jobs for local people and service companies. But it will also make
the neghborhood of the plant risky because pdssible radiation releases. However, the
radiation elease®f the core meltdown accident at thkree Mile Island in 1978 did not cause
any danger fothelocal population. If the design includes a core catcher, the risks waVé&e
lower than in 1978.

Electricalgrid connections to the site have todieong. They should allow the trip of theatear

plant without causing blackout of the grid. ® the other hand blackout in the national power
system should not cause the trip of the power plant. The power plants should reduce its load to
house load aaditions, which is sme 510% of the gross output of the plant.

Additionally, the nuclear plant should have #@pty power supply from a separatecal plant.
The local plant may be a hydptant, which could operatguring the blackout of the main grid

It could dso be builtby using one or two-86 MW diesel enfes, which will be started by using
pressurized air. The blackout in 2003 in Nelghst USA stopped 10 nuclear power plants within
three minutes from the start of the blackout. Nine of théeanglants had to use the emergency
diesels and anused its priority power suppbntil the grid was restored within 2 to 14 hours.
After this blackout many nuclear stations installed new priority electricity supply systems.

Another questiorwill be thetransportation possibilities. Aevy good harbor and roads will be
necessary for transportation of the reactor pressure vessel, which might waightiof 300
tons The main transformeend generators ofrauclear plant might have the same weight.
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9.4 Sate approval

If the nuclear project ifound to be feasiblet will need an approvdly the ¢ate. In Finland the
decision inprinciple will be made by the Finnish Governmearid the Parliament has to approve
the decision before the project can be sthrt

The application for the state includesdiglity aspects and site evaluatioitswill also describe
which reactors may be selected and their safestures The safetyauthorities should also
reviewthatthe reactor candidates fulfill the local egfrules.

In Finland perhaps the most critical issue has likermlisposal ofthe spent fuel. In 1993 the
Parliament sd no to new reactors becaudee spent fuel question was open. Since then the
utilities have established a separate compdtgsiva,to prepare the disposaf spent fuels.
When the decision of the Olkbto-3 reactor was made in 200Re disposamettodology and
site was approved #tesame time. We will discughis more thoroughly in Chapter 12

When the decision imade, it willhave many effects on energy policies.niclear project will
havea large influence on the C&emissions and on alternatiemergy sources. The goals of
renewable energy and nuclear energy might commpeting with each otheiThe aspects for
economy, locaindustry and employment should also be considered.

Nuclear power has many sides. Some people are against nuclear power for many reasons. Some
think it s the best energy technology available. This kind of discussion has been going on since
the Three Mile Iand accident. Several books about this have been published. In my opinion the
best book was Michio Kakués and Jenni fhBgr Trai
includes the main thoughts about nuclear power by the US leading nuclear sciedtist a
opponents.

References
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10 SELECTION OF THREACTORSUPPLIER
10.1 Splitting the project into contracts

A nuclear power plantan be purchased with one main Engineering and Procurement Contract
(EPC) orby splitting the projecinto several contracts. Mosticlear projects have been executed
by big national utility companies, which have established a nuclear project team to rienage
planning and contract management.

A split package contracequires a project team of sorh8-300 engineers in the projésmain
office and aboub0-100 emineers at the site for supervision amdnagement. The amount of
engineering irtheL o v i Atan& priject group wahosit 1000 matyears forthe Loviisa-1
projed and ®0 manyears forthe Loviisa-2 project(Figure 11.21).

Someof the engineers had experience @ral power plant mjects, but most of the staff,
including the authorwas young (25 years oldand my experience wamly from big refinery
project The whole project stafincluding many foreign consultantsvas locéed just in one
building, which easedommunication.

The staff had in averagabout three years afhgineeringexperience In addition mosbf the
engineers had beeasbout one yeamn obligatory Finnish army service, whertey hadbeen
trainedto work in organized team3he army servicdas been obligatory for all mdar age at

20 years. The project reminded migoutthe time in thearmy and | think that the secret of the
success was that thagineers were committed to act like in army times. The project was divided
for groups and each of the group was led lyyaup leaderThe biggest engineering group was
process and instrumentation, which includeeb®®eople.

The EPC contract gmoach ca be recommended for anexperienced utility, which does not
have the project staff. However, there are not margiean power plant vendors, wrere
competent EPC contractors. Thus they witeha separate contractor to th® engineering and
constructon for them. Most of the US nuclear projects were managed by an architect
engineering company, which was hired by the utility. Each of the architect engineering
companies had their own designs even the reactor vendor was the same.

TVO has had EP@pproachin Olkiluoto projects. However, ithe Olkiluoto-1 and-2 projects

the contractors were Finnish and they knew the Finnism&i@and practices. ltne Olkiluoto-3

EPR case the maiBPC contractor was Areva and they used mostly foreign contractors and
foreignlabor.

This has caused several problems, becausttiaé conditions wer@ot known by the foreign
engineers The engineering works wapurchased from everal countries, which made
communication more difficult.
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10.2Prequalified suppliers

The nost critical deci®n in a nuclear project ithe selection othe reactor or nuclear steam
supply systerd §NSSS) vendor. The most careful buyer will accept only the NSSS vendor,
which has had operation experience with the offered reaStmme require #t at least two
reactors have been operating successfully.

Additionally, local safety requirements should be noted. Do the reference plants have the
required safety systems? In Finland the plant should hagre catcher and outer protection
against gossible aircraft crash. These requirements would nasaompletdy new design of the
reactor building This would meamtwo year design projédefore the constructiozan begin.

10.3Boiling water reactor plants

The Finnish utilities have prequalified && boiling water reactors and four pressurized water
reactors (Experts Statement to the EIA report, June 2008). The boiling water reactors include
ABWR from General Electric/Toshiba/Hitachi, ESBWR from GEH and Kerena by Areva (Table
10.3.1).

10.3.1ABWR

ABWR reactor plants have been built in Japan, whiee&ashiwazaki-Kariwa plant is the first

of this kind of power plants in operation. Advanced boiling water reactor has internal circulating
pumps for the first time in GE reactors. They walready intoduced inthe Olkiluoto-1 nuclear

plant by Asea Atom in 1979.

The author hadthe possibility to visit the KdswazakiKariwa site in 1991, Wwen the
construction was iprogress It was impressive to seéee modular construction, which was in
progress byhen. The rebarof the containment structures wepeefabricated and the total
construction time was about four years.

In the US the ABWR plantplannedin South Texa will be the first plant in the US ithirty
years The pressure vessel has already mdered to be readyy 2012. The construction could
start in 2011 and the plant could be ready for operation by 2015.

10.3.2ESBWR

The ESBWR plant has noperating references, but one planthia USis in the planning phase.

It will have natural circulabn in the reactor and thus the reactor pressure vessel (RP\) has
height of 27.6 meters. The large water volume means that the reactor is safe, because the thermal
capacity of water can take the extra energy during the transients.
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The passive heat remalvsystem has been designed toldbe reactor for 72 hours without
external electricity (Figure 10.3.1). This kind of design satisfies the new station blackout (SBO)
criteria that have been developed after Fukushima accidkist.kind of passive heat meval
system has not been proven in practice.

The planthas also some safety equipment in turbine hall, which is not allowed by the Finnish
safety standards. The design #rpossibleaircraft crash hasat been completed. However,
design changes can be made to satisfy the Finnish standards.
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Table 103.1 Boiling water reactorprequalified by the Finnish utilities

Boiling Water Reactors ABWR ESBWR Kerena
General Electric GE/Hitachi SWR-1000
Hitachi /Toshiba (GEH) Areva
US/Finland
Prequalified in Finland by TVO/Fortum/FV TVO/Fortum Fennovoima (FV)
Design features
-Reactor thermal outpuMwt 3992/4300 4300 3370
-Electrical output MWe 1371/1650 1500/1650 1250-1300
-RPV inner diameter m 7,1 7,1 7,12
-RPV height m 20 27,6 23,8
-RPV Pressure bar 71,7 71,7
-Reactor power densitykW/I 51 54 51
-Burn-up MWd/kgU 45 45
-Enrichment % 4% 5%
-Circulating pumps ~ number 10 zero 8
Containment
-type Pressure supressigRressure supressigRressure supressiq
-construction Reinforc.concrete| Reinforc.concrete| Reinforc.concrete
-pressure bar 4,1 4,1
Safety
-Core damage frequency 1,6E-07 2,0E-08 1,2E-07
-Core catcher no no (RPV cooling)| no (RPV cooling)
-Safety systems pumps 18 zero
-Redundace 3x100 % 4x50%/2x100% 4x50%/2x100%
-Emerg. diesel gener. MW 3X7 zero 2x100%
-Auxiliary power supply 4X50 % 2x100%
-Aircraft crash protection Yes Yes Yes?
-Seismic design 0.39/0.4¢g 0.39g 0.23¢g
Operating reference plant Kashiwazaki- Gundremmingen
Kariwa 6/7 Germany 1999
Japan 1996/1997
Hamaoka 5
2004
Shika 2
2006
Rerences on the construction Lungmen
Taiwan
Shimane 3
Japan 2005-11
References on the planning South Texas 3/4 Fermi
stage USA USA
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10.3.3 Kerena

The thirdboiling water reactoKerena (SWR-1000)is based ornthe German Gundremmingen
power plant design, which has been updated to have passety features against possible
station blackouevents The problem with the plant is that Germany cannot build new nuclear
plants according to the present energy law. The pland gasd design, but it would be risky to
buy the first plant, which is just on the drawing board.

10.3.4ABB BWR

In my opinon theABB BWR plant in Olkiluoto would be a perfect BWR plant to be constructed
even today. Unfortunately, the plant design was sold to Toshiba Westinghouse, which is not
promoting this technology any more. They have pubftheir efforts into the AP1000 plants,

which arestill in the development phase and cannot be licensed in Finland today. However,
pressurized water reactors are now leading the markets.

10.4Pressurized water plants

The pressurized water reactopgequalified by the Finnish utilés includethe European
Pressurized Reactor (EPR) by Arexbe APR-1400 by Korean Hydro&Nuclear Company
(KHNC), the AES-2006 (VVER1200) by Atomstroyexport (ASE) anthe EU-APR by
Mitsubishi (Table 10.4.1).

10.4.1EPR by Areva

The EPR reactor has been designed to satisfy the European Utility requirementh, wédre
developed in 1992. The recent requiremémttude aircraft craslhnd core meltdown protection
features. There are now foEPRunits under construction, one in Finlandg #econd in France
and two in China.

The Finnish plant wasrdered in 200&nd onstruction started in 2005h& plant is expected to
start comnercial operation in 2013 or tegrears aftethe contract was mad&he contract price
wasabout U 3 2 budtheatiudldostsohave overrun to abodt506 million. The costs
have risen fromi 2 O/IOAM@ to aboutl 308/kWe, which have caused losses for the contractor.
However, the references are the key to get future orders.

The problems at thélkiluoto-3 cane from being the first of thiskind of design. The
constructionwas started before the design wamsmplded. Now the constructiohas already
lastedsix years and the last concrete was pouresimmer 2011The installation othe primary
components will ake another two athree yearsThus the total construction time will be about
eightor nine years. It seems now thtt sister unit in Famanville will also have eight or nine
year6s construction ti me.
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10.4.1Prequalified pressurized water reactdos Finland

Pressurized Water Reactors EPR APR-1400 AES-2006 EU-APWR
Vendor Areva Korea Hydro&Nucl] Atomstoyexport Mitsubishi

Power Company (ASE)
Prequalified in Finland TVO/Fortum/FV TVO/Fortum Fortum TVO
Reactor thermal output MWt 4500 4000 3200 4451
Electrical output MWe 1650 1450 1200 1700
Number of loops 4 2/4 4 4
-RPV inner diameter m 4,9 4,25
-RPV height m 12,7 11,185
-RPV Pressure bar 154 155 162 155
-Hot leg temperature oC 324 329,7
-Uranium in Reactor tUO2 128
-Burn-up Mwd/kgU 45 45-55 45 45-55
-Enrichment % 4% 4-5% 4% 4-5%
-Circulating pumps ~ number 4 4 4 4
-Safety systems pumps 4x100% 4x50% 3x100%
-Diesel engines MW 4x7 4x6 3x100%+2x100%
-Auxiliary generators 2x100%
-Containment dry dry dry dry

presressed concr. prestressed concr
- inner diameter m 44,0
-Containment pressurebar 53 5,7 5,0 57
- Outer containment renforced concr.
- inner diemater m 50,0
-Core damage frequency 1,80E-06 2,25E-07 1,00E-07 1,00E-07
-Core catcher Yes Yes
-Aircraft crash protection Yes Yes
-Seismic design 0,259
Operating references Tianwan 1/2
China 2006/7
Rerences on the construction Olkiluoto 3 Shin Kori 3/4 Tianwan 3/4 Tsuruga 3/4
Finland 2005-13 Korea 2009-13 China 2011-16 Japan 2012-17
Flamanville Leningrad 11-1/2
France 2007-15 Russia 2008-15
Taishan 1-2
China 2008-2016

10.4.4The APR-1400 by KHNC

TheKoreanpressurized water react8PR-1400(Advanced Pressurized water reagtoas been
developedased on its smaller versiaie OPR-1000(Optimized Power Reactpr The design

was based on US Combustion Engineering System 80+ with two steam generators. Thaf design
System 8@vas certified inthe USby the NRC in 1997.
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The first of the two Syem 80 PWRs were commissioned at ¥enggwang site in 1995 and
1996. &ven OPRL000 units are now in operation and three more under construbivorAPR-
1400units are under construction at Shin Kori site in South Korea.

Four APR1400 units were ordered liye United Arab Emirates in December 200%.e price of
the EPC caotract was $20.4 iion or $3640/kWe The first of the reactors is planned to start
commercial opettgon in 2017.

APR-1400 design has some features which need to be considered. The design offered today is a
two unit design, where the turt@ halls are silby side. Mst of the modern concepts are today

such that the units are independent of each other. The System 80 plant in Palo Verde has three
units andeach of them haveirbine axes in the same line.

The ®cond problem fothe European countries ke American measurement units, which use
inches and otheram-ISO units. This means thé&r the European plante unitsshould be
convertednto millimeters. The third problem is thack ofa core catcher, which required or
the heat recovery from theactor after melt down should be otherwise proved.

Within app.six years the experience from the first operating plants will be available. Then the
concept should be matusnoughfor the international markets. However, the new design
cope with aircrafcrash and carmelt down have to be dobyg then.

10.4.5 AES2006

The RussiarVVER-1000 reactors havseveral design concepts that have been used around the
world. The latest plants built at Tiawan in China use the VVERL concept which was
designedyy IVO Engineeringdr the Loviisa-3 plant during years 19781

Figure 10.4 The ontairment structure of
AES2006 plant aimed fothe Loviisa3
includes: 1 Rssive cooling of the
containment 2 SG passive cooling, 3
Emergency water tanks, 4 Emergency
chemical supply, 5 Hydrogen
recombiners, 6Hydrogen monitoring, 7
Pressurier safety valves, 8 Core catcher,
10 Borated water tanks, 11 Valves tbe
cooling ofthecore catcher (Source: Vitaly
Ermolaev)
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