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PREFACE 
 

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

ñPlanning of optimal Power Systemsò. However, the planned use of nuclear power was limited 

to 25% of electricity generation in 2050 because the uranium resources estimated to be limited. 

For this book the uranium resources have been re-evaluated and use of nuclear power could peak 

in 2075 by generating 34% of electricity of the world. Thereafter the nuclear share would drop to 

25% by 2100, by which the renewable 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 by the author of this book, the temperature rise can 

be limited to about 2 
o
C by 2100.  To achieve this target all possible CO2-free energy 

technologies should be exploited: both nuclear and renewable energy sources. 

There are many industrial countries that can generate most of electricity by using nuclear power. 

One of them is Finland, which is becoming one of the largest producers of nuclear power per 

capita. Finland has four reactors in operation, one reactor under construction and another two 

reactors have received a license from the parliament in 2010. Thus in about 2020 there will be 

seven operating reactors in a country with five million people. 

It has been a pleasure of being one of the engineers, who were designing the first Finnish nuclear 

plants with many fine colleagues in the Atomic Power Project Group between the years 1970-80. 

Since then we have made designs of Loviisa-3 plant, which concept of which was actually 

constructed in Tianwan in China.  The Tianwan concept was the first design to use the core 

catcher in reality, because it was a requirement of the Finnish safety standards. The second core 

catcher will be built in the Olkiluoto-3 nuclear plant in Finland.  

The Finnish experience of building several nuclear plants according to the latest safety standards 

could be used also in other countries. I will try to present my vision of a nuclear future from the 

point of view of an old chief design engineer. In my opinion there is still much to be changed in 

order for the new plants to be more economical and safe. Current light water technology can still 

be used, but the manufacturing of the plants should be done using more prefabricated modules in 

their construction.  

August 2011 

Asko Vuorinen 
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1 INTRODUCTION  

1.1 The smallest particles 

In 420 BC the Greek philosopher Leucippus and his student Democritus (460-370 BC) 

explained that matter can be divided into smallest parts, atoms. An atom is a particle so small 

that it cannot be seen. The word "atom" comes from the Greek word "atomos", which means 

"indivisible".   

This theory has lasted for two thousand years until an English chemist and physicist John 

Dalton (1766-1844) developed his atomic theory. He found that there are different atoms that 

have a different atomic weight. In September 1803 he listed twenty atomic weights, in relation to 

the weight of hydrogen: 

Hydrogen 1 

Azote  5 

Carbonate 5 

Oxygen 7 

Phosphorus 9 

Sulphur 13 

Magnesia 20 

Lime  23 

Soda  28 

Potash  42 

Strontites 46 

Barytes 68 

Iron  38 

Zinc  56 

Copper  56 

Lead  95 

Silver  100 

Platina  100 

Gold  140 

Mercury 167 

 

In his Law of Multiple Proportions Dalton said that 1) there are as many types of atoms as there 

are different materials. 2) atoms cannot be divided into smaller particles, and 3) molecules can be 

formed by combining atoms. He defined water by combining hydrogen and oxygen as OH (the 

correct formula is H2O).  

The Russian scientist Dmitri Mendelej ev (1834ï1907) classified atoms in ascending according 

to their atomic number Z, from one to 90, at the University of Saint Petersburg in 1869.  Later on 

this number was found to correspond to the number of protons in each atom. Thus hydrogen has 

one proton and its atomic number is Z = 1 etc. He found that the chemical properties of atoms are 

repeating after 18 and thus made his periodic tables which had eighteen columns. The noble 

gases 2 helium, 18 argon, 36 krypton, 54 xenon and 86 radon formed the eighteenth column.  

Mendelievôs theories helped chemists to calculate masses in several reactions between different 

atoms. The burning of coal means combining carbon (C) with oxygen (O2). The result is heat and 

CO2.  Thus the chemical energy received by burning coal could be explained in theory. 
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In 1896 Henry Becquerel (1852ï1908) found that there was something else involved. He was a 

professor of physics at the university of Paris and was interested in the phosphoresce of 

different materials. He found that uranium salt was constantly emitting green light when exposed 

to a photographic plate. He called this phenomenon the natural radiation  of uranium. He 

thought that the radiation was the same type as what Wilhelm Röntgen (1845ï1923) had created 

by X-rays.  

Becquerel found that natural radiation could be deflected in electric and magnetic fields, and X-

rays could not. Later on the unit of natural radiation was named after him. One Becquerel 

corresponds to the radiation of one change per second (s
-1

).  

Polish born Marie Sclodowska-Curie (1867ï1934) and her future French husband Pierre Curie 

(1859ï1906) were students of Becquerel. Marie wanted to study the natural radiation discovered 

by Becquerel, and make her doctoral thesis on him. Marie started studying uranium ore, from 

which liquid uranium salt and waste could be separated. She then found that the uranium itself 

was not active, but the waste from the liquid was. The waste contained copper, arsenic, nickel, 

iron and several other metals, but they should not be active.  But some unknown material 

remained that was highly active. When measuring this radiation, Marie Curie started to call this 

radiation phenomenon radioactivity .   

Eventually she could separate the new material that was the actual source of radiation. She called 

this new material radium. She found that actually the radiation of radium was 10 000 times 

higher than the radiation of pure uranium. For his inventions Becquerel, together with Marie and 

Pierre Curie, shared the Nobel Prize in Physics in 1903.  

No one could understand the radiation at that time. Henry Becquerel used to hold some 

milligrams of radium in his pocket, and got his skin burned by the radiation. Later on radiation 

was found useful in the medical treatment of cancer patients, and the demand of radium 

skyrocketed.    

Additionally, Pierre Curie found that the one gram of radium also emitted 136 calories of heat 

energy in one hour (1192 kcal/year). A remarkable discovery was that radium was not losing any 

of its weight. Thus a new source of energy was found. This was much more than burning one 

gram of coal, which releases 6 kcal of heat altogether.  

The next big discovery in the research of atoms was made by a nuclear physicist Ernest 

Rutherford (1871 New Zealand-1937), professor at the McGilly University  in Canada and his 

assistant Fredrik Soddy (1877-1956).  

Rutherford was studying radiation in magnetic fields and out found that part of the radiation 

deflected. He gave the positive particles the name alpha particles. The negative particles 

deflected in the opposite direction, and he called them beta particles. Finally, he found that 

some part of the radiation did not deflect at all, and he called this gamma radiation .  
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Rutherford found that the alpha particles were actually positively charged helium-atoms that had 

a charge two. The alpha particles could be stopped by a piece of paper or clothing, whereas the 

beta particles could go through an aluminum plate that was several millimeters thick. Gamma 

radiation was the strongest; it could go through any material and several ten centimeter thick lead 

plated were needed to stop the radiation.    

The next big thing which was found by Rutherford was alpha-radiation, where the alpha-ions 

were changing to helium atoms. He found that half of the ions were changing in three days and 

19 minutes. Then again half of the remaining ions changed in the same time. The question 

remained what was the explanation for this. This was the first time in history that someone has 

found in practice that an original substance was changing into another. The dream of the 

alchemists was nearing reality.  

Rutherfordôs assistant Hans Geiger (1882-1945) at the University of Manchester was given a 

task to calculate how many alpha-particles went through in a given period of time. Geiger hat the 

idea to put a metal plate in an isolated bottle and to place a metal wire above it. If he gave them a 

voltage difference, then the particles would cause a current between the plate and the wire. So he 

could count the number of particles going through. He created a registering device that emitted a 

visible sound each time the particle passed this counter. Thus for the first time in history one 

could hear the voice coming from a single atom. So he had created the Geiger counter, or the 

Geiger-Müller counter (with improvements made by Walther Müller  (1905- 1979) in 1928). 

In 1909 by bombing a cold plate by positive alpha-particles Rutherford and his team members 

Hans Geiger and Ernest Marsden (1889-1970) found that not all of the ions did go through the 

gold plate, but deflected from it. Thus they concluded that atoms have a positively charged 

nucleus that could reflect the positively charged alpha-ions. Rutherford could then calculate that 

the probability of refraction was about 1/100 000 and that the radius of 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 developed by his Danish-born pupil Nils Bohr (1885-

1962), who concluded that the nucleus is surrounded by negatively charged electrons that are 

rotating in circles on the outer surface of the atoms like planets. The electrons are additionally 

rotating around themselves like the earth rotates once each day.  This planetary model of atoms 

has been named the Rutherford-Bohr atomic model.  

Additionally it was found that the nucleus consists of positively charged protons and neutrally 

charged neutrons. The atomic weight was determined as the total number of protons and 

neutrons in the atom. Thus for example hydrogen atoms have one proton and one electron and 

the atomic weight of 1. Helium atoms have two protons, two neutrons and two electrons and the 

atomic weight of 4. 



 
20 

 

The neutron was actually discovered in 1932 by Irene Curie (1897-1956) and her husband 

Frederic Joliot  (1900-1958). They were bombing beryllium and boron atoms with alpha- 

particles and found that this caused unknown radiation that was not electrically charged. At first 

they thought that it was gamma radiation, but then they found out that it could do something that 

gamma-radiation did not do; release protons from paraffin. Thus the neutral particle, neutron was 

discovered. 

During the same year an English born doctor James Chadwick (1891-1974) could show that the 

mass of the neutron was the same as the mass of the proton. Some sources say that it was James 

Chadwick who actually discovered neutrons. Later on in 1950 it could be evaluated that neutrons 

can be divided to beta-particles and protons. The understanding of atoms was complete enough 

to start nuclear energy studies.  

1.2 Theories of nuclear energy 

Albert Einstein  (1897 Germany-1955) discovered that energy and mass can be described by his 

equation E= mc
2
.  He was a 26-year old official working in a patent office in 1905, when he 

published an article called the theory of relativity ; which included his most famous formula. 

Nobody could understand his formula at that time. He could have read the papers of Marie and 

Pierre Curie, who got the Nobel price from their inventions of radioactivity two years earlier in 

1903.  From his theories Einstein achieved the Nobel-prize in Physics in 1921.   

On June 28th of 1934 Hungarian born scientist Leo Szilard (1898-1964) applied for a patent in 

neutron chain reaction. He was a student of Albert Einstein in Berlin, where he became a Doctor 

of Physics in 1922. Leo Szilard made several inventions during his years in Berlin, where in 

1928 he applied for a patent for a linear accelerator and in 1929 for a patent for a cyclotron. He 

escaped in 1933 to London, where he discovered the chain reaction of neutrons when walking in 

the street.  He travelled from London to Columbia University in Manhattan in 1938 and was later 

one of the key persons in the Manhattan project.  

The question of how to release the energy from the atoms actually started to get light only after 

1938. Austrian born nuclear physicist, Lise Meitner (1878-1868) became the assistant of Max 

Planck (1858 Germany-1947) at the Kaiser Wilhelm Institute  in Berlin in 1912. In 1917 she 

became the director of the Independent laboratory of physics in the Institute. There she came 

into contact with Albert Einstein who visited her laboratory quite often. The leader of the 

chemistry institute was Otto Hahn (1879 Germany-1968).   

In Berlin Meitner and Hahn did experiments in bombing uranium atoms with alpha-particles. 

They thought that they would find heavier atoms than uranium, but something else was found. 

Because Meitnerôs family was of Jewish origin, she escaped to 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 advise Otto Hahn and Fritz  Strassman (1902-1980) at the Kaiser 

Wilhelm Institute to do research according to her instructions. In this way the first splitting of 

uranium atoms was done in Berlin, but they could not give an explanation of the experiment. In 

December 1938 they sent a manuscript to Naturwissenschaften, in which they described how the 

bombing of uranium by neurons produced barium.   

On December 19th, 1938 Otto Hahn wrote to Lise Meitner asking whether she could find some 

explanation for the experiment, where by bombing uranium atoms with neurons barium isotopes 

were produced as a result. Hahn was a radiochemist and not a nuclear physicist, and could not 

explain his discovery. Lise Meitner could not explain it either and wrote to Hahn that anything is 

possible in physics. 

Lise Meitner was in Sweden when her brotherôs son Robert Frisch (1904 Austria-1979) visited 

her. Robert was studying physics at Nils Bohrôs laboratory in Copenhagen. The two physicists 

together were able to find explanation to what happened in the experiment that Hahn had 

described in his letter to Meitner. 

Both Meitner and Frisch understood the theories of Albert Einstein and Niels Bohr, recarding the 

structure of atoms and the magnitude of energy releasing. Bohr had described that the nucleus of 

atoms is just like a water drop, which is not stable. Thus Lise Meitner and Robert Frisch 

concluded that by bombing the nucleus by neutrons it could split the atoms into two pieces. They 

concluded that Hahn had actually split the atoms in two pieces. For these studies Otto Hahn got 

the Nobel Prize, taking all the credit of discovering the fission, even though he could not explain 

what had happened. 

Lise Meitner was forgotten and lived out her last years in Britain. However, on February 11, 

1939 the British journal, Nature published a letter of Robert Frisch and Lise Meitner, which 

explained their theories about the fission of atoms. Frisch had started to use the word fission for 

the first time. Thus part of the credit of the discovery of fission should also be given to Robert 

Frisch and Lise Meitner.  

The theories of fission and chain reaction were developed further by Fredrik Joliot  in France. 

His theories on chain reaction explained that the fission of uranium atoms released two or three 

neutrons, which could then make other fissions of uranium atoms in a pile. He applied for several 

patents for uranium piles and explained his theories to Lise Meitner.  

Robert Frisch explained this experiment to Niels Bohr, who travelled to USA in January 1939 to 

give a lecture on the spitting of atoms at the Princeton University in Washington DC. He 

explained how neutrons can cause the fission of uranium atoms and how the fission can release 

energy and still free neutrons. This could then cause a chain reaction and a massive release of 

energy. He explained that to cause a chain reaction the neutrons should be moderated to slow 

neutrons, which can then cause the fission of U-235 atoms.  
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Bohr also concluded that it would be very difficult to get U-235 from natural uranium as it 

contains only 0.7% of U-235 atoms and 99.3% of U-238 atoms. Bohr also explained that when 

uranium-238 will absorb one neutron, it will change to a new material that has 93 protons and 

146 neurons. He called this new material plutonium-239 according to the Greek God of 

underworld metals and wealth. For the Romans Pluto was a god of the underworld, or Hades.  

His speech caused an explosion among the scientists. Everybody wanted to tell this news to their 

colleagues. Thus the idea of nuclear fission was immediately spread to the University of 

California in Berkley, to Chicago, to Harvard  in Cambridge, to Yale in New Haven and to the 

Columbia University in New York.   

After the visit of Nils Bohr to the USA the first experiment on nuclear fission was then done on 

January 25th, 1939 at the Columbia University by Enrico Fermi  (1901 Rome-1954). Since 

1927 Fermi had been the professor of theoretical physics at the University of Rome, where he 

was making experiments on slow neutrons and beta-fissions. 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 was of Jewish origin and thus the family escaped to the USA in fear of possible 

discrimination.  

In his experiments independently from Bohr, Fermi discovered that fast neutrons caused the 

fission of U-238 atoms, and that slow neutrons caused the fission of U-235 atoms. The slow 

neutrons were obtained by letting the fast neutrons collide with atoms that have nearly the same 

mass as the neutrons. The best materials were hydrogen or materials such as paraffin, which 

contains hydrogen. Carbon and heavy water were also found to be suitable moderating materials 

for the neutrons.  

In April  1939 Niels Bohr explained in Copenhagen in a newspaper that ñby 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 building could be destroyedò. After this the 

press fell silent and nobody could write about atomic weapons. The idea of the atomic bomb had 

been revealed for the first time to the general public.  

In August 1939 Albert Einstein sent the letter to Franklin D. Roosevelt, the President of 

United States, about the possibility of making atomic bombs. Fermi and Szilard had actually 

written the letter, which was then signed by Einstein. Einstein explained that: 

 ñthe recent work of E. Fermi and L. Szilard lead me to expect 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 conceivable ï though much 

less certain ï that an extremely powerful bomb of a new type may thus be constructed. A single 

bomb of this type, 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 heavy for transportation by airò.  

In addition Einstein made the following recommendations: 

a) Particular attention should be given to the problem of security of supply of uranium ore 

for the United States. I understand that Germany has actually stopped the sale of 

uranium from the Czechoslovakia mines that she has taken over.  

 

b) To speed up the experimental work, which is at present being carried on within the limits 

of the budgets in University laboratories, funds should be provided and the co-operation 

of industrial laboratories which have the necessary equipment, should be obtained 

 

. 

1.3 Development during the Second World War 

The first ñiron curtainò in Europe was formed by Germany and the Soviet Union in August 1939, 

by the foreign ministers Molotov and Ribbentrop. They divided Europe into the Soviet bloc, 

which included Finland and the Baltic Countries and into the German block, which included 

most of Poland.  

On the first of September 1939 Germany invaded Poland with two million men, 2300 aircrafts 

and 2750 tanks. Poland was occupied in three weeks and divided in two between Germany and 

the Soviet Union. The casualties included 86 000 dead or lost, 164 000 wounded altogether 

250 000 soldiers. The Second World War had started. 

On November 30th 1939 the Soviet Union attacked Finland with 800 000 soldiers, 3800 aircrafts 

and 3000 tanks.  The Finnish army had totally 350 000 soldiers and 200 aircrafts.  My father was 

one of the soldiers, as were the majority of all Finnish men between 18 and 35 years of age. 

Finland was almost alone to defend western democracy at that time. Sweden gave us Bofors-

guns and volunteers, which would fight with our soldiers.  The USA or Germany did nothing to 

help us at first. France, Italy and Great Britain promised to send some soldiers, but they were not 

asked by the Finns. The US sent us some financial aid and sympathy, but the US Brewster 

fighter airplanes arrived to Sweden after the war was over.  

The Finnish Winter War  lasted 105 days. The casualties of Soviet Red army were 127 000 men 

in dead or lost and 265 000 men were wounded, totaling 392 000 men (40 % of their forces). The 

casualties of the Finnish army were 26 000 men dead or lost and 44 000 wounded, altogether 

70 000 men (20 % of the army forces). Finland survived and made peace with the Soviet Union 

in March of 1940, having to give up a part of Karelia, which was a south-eastern part of Finland.  
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The Second World War accelerated the development of nuclear weapons. Based on the letters of 

Albert Einstein and advise from other scientists the US established Advisory Committee on 

Uranium  in October of 1939. The first report by the committee was given in November 1939. 

The report reviewed the work done at the Columbia University by Fermi and Szilard on the 

construction of a uranium pile and on the fission of atoms. In April 1940 the Committee held a 

meeting in Washington, and 40 000 dollars were granted by the committee for making pure 

uranium and pure graphite.  

This budgetary decision was also noted by the German side. Germany started studies on the 

possibility of nuclear energy.  Professor Werner Heisenberg (1901 Germany-1976) was one of 

the scientists, who wanted to help the German military after the occupation of Poland.  He had 

won the Nobel Prize in Physics in 1932 for his theories on quantum mechanics. However, most 

of the scientists, including Otto Hahn, were reluctant to develop atomic weapons. In February 

1940 Heisenberg made a report where he concluded that a reactor that would use natural uranium 

and be moderated by heavy water, might generate energy.  

Heisenberg was nominated to lead the reactor designs in Berlin and Leipzig. The needed 

uranium was received from Czechoslovakia, which had been occupied by the Germans one year 

earlier. Uranium was brought to Berlin for 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 the Military Application of Urani um (MAUD ) committee held its first 

meeting in April 1940. They discussed the possibilities of separating U-235 and U-238 isotopes 

and the fission of atoms by using fast neutrons.  In June 1940 Franz Simon (1893 Germany-

1956) started the development of separation of isotopes by using the gaseous diffusion-method. 

The gaseous diffusion method was proven to work in December 1940 by Simon.  

After this the committee started to send their reports to the US. The theory on atomic energy was 

described in July 15th, 1941 in the MAUD-reports. One of the reports was ñThe use of 

Uranium for a Bombò, in which was said that about 12 kg of uranium-235 world be needed for 

an atomic bomb. The other report ñUse of Uranium as a Source of Powerò, explained how heavy 

water or graphite could be used as a moderator to establish a chain reaction.   

In July 1940 the US formed a National Defense Committee (NDC), which was aimed to 

support atomic studies. The chairman of the committee was Vannevar Bush (1890-1974). One 

of the tasks of the committee was the separation of U-235 from U-238. It was given to Professor 

Harold Clayton Urey (1893-1981), who was working at Columbia University in New York.  He 

had discovered deuterium by distilling of liquid hydrogen. Deuterium in the form of heavy water 

became one of the moderators for neutrons in later reactors and in the future it will be the fuel of 

the fusion reactors. He won the Nobel Prize in Chemistry in 1932.  
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Princeton University in New Jersey was developing atomic pile, which was needed to establish 

a chain reaction in uranium atoms. In practice graphite would be used as a moderator for 

neutrons, which would then cause the fission of the uranium-235 atoms. In the beginning, 

Fermiôs team constructed a small pile called the exponential pile.  The size of the cubic formed 

graphite pile was 2.5 x 2.5 x 2.5 meters. The uranium was in the form of uranium oxide. The 

reactivity factor reached with the pile was only K = 0.86. There was a long way to go to reach 

the 1.01 needed for a chain reaction.    

University of California in Berkley was developing plutonium in a team led by Ernest Orlando 

Lawrence (1901-1958), who won the Nobel Prize in Physics in 1939 for his invention of the 

cyclotron in 1929. The cyclotron was used to accelerate particles in nuclear experiments, where 

new materials were formed. However, Leo Szilard had made his patent application of cyclotron 

independently that same year.  

During the war years Lawrence was one of the members of the team that developed the atomic 

bomb. Lawrence was also developing the methods to separate uranium-235 and -238 atoms using 

electromagnetic fields. The theory of nuclear explosion was also discovered by Lawrence. Later 

on the separation of uranium for the Hiroshima atomic bomb was done by using this method. 

Plutonium-239 was discovered in University of California in Berkeley for the first time on 

March 1941 by the team of Glenn T. Seaborg (1912-1999) and Edwin McMillan  (1907-1991), 

who were bombing uranium-238 atoms with slow neurons.  By this time the discovered element 

was called element 94
239

, and the name plutonium was proposed by McMillan. Both men 

received the Nobel Prize in Chemistry in 1951 for their discoveries of several new isotopes. 

Plutonium could be separated by chemical means, which was impossible in the case of uranium 

isotopes U-235 and U-238. Plutonium-239 was behaving in the same way as U-235 and fast 

neutrons could cause the immediate fission of the plutonium atoms.  

Plutonium-239 was also noted by the German scientists in Dahlem to be the key to nuclear 

energy.  In August 1940 Germany occupied Norway and overtook the Norsk Hydro  facilities in 

Vermok which were producing hydrogen by using the electrolytic process. Norsk Hydro was 

also making heavy water and the Germans now had the facility that could make the moderator 

for a nuclear reactor.  Then the reactor could make plutonium, which could be separated 

chemically from other fission products. 

In June 1941 Germany started operation Barbarossa, the aim of which was the occupation of the 

Soviet Union. The Finnish army wanted to get back the lost Karelia and followed the German 

attack via the northern front two weeks later. Finland occupied the lost areas in two months and 

advanced to the Russian part of old Karelia, which had been populated by the Finnish tribe, the 

Karelians. Britain declared war against Finland for this advancement, but did not start military 
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operations against Finland. The US army gave more than 10 000 aircrafts to the Soviet Red 

army, which was using them also for dropping bombs on Finnish cities.  

In the autumn of 1941 Heisenberg had enough uranium and heavy water to start the experiment 

again. In the beginning of 1942 the first chain reaction of uranium had been achieved 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 US the national defense committee held a meeting in December, 1941 on the development 

of nuclear science. During the meeting the delegates received the news that Japan had attacked 

Pearl Harbor and the US was at the war. Japan had already occupied several countries in Indo 

China and was now attacking the Pacific islands. This Japanese attack put the US war machines 

into action. 

 

1.4 The Manhattan project 

Within one day from the attack on Pearl Harbor the members of the Uranium Committee 

established an organization which was openly discussing the atomic bomb. The task was to make 

a nuclear reactor that could 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 

president Henry Wallace (1888-1965), war minister Henry L. Stimson (1879-1950) and 

Vannevar Bush, who coordinated the scientific research.  

As the theories about the possibility to make an atomic bomb were spreading the race to make 

the actual bomb was started. In 1942 was established the Manhattan Engineering District, 

which was a code name for the Manhattan project. The leader of the whole project was given 

to General Leslie R. Groves, who had his office in Washington. 

One group of scientists was conducting studies on chain reaction at the Metallurgical Laboratory 

of University of Chicago. The team was led by Arthur H. Compton . The first critical pile was 

constructed in an old tennis hall, which had been abandoned by the tennis players. Several 

scientists from the Columbia University were called to Chicago to construct the pile. Among the 

scientists were Enrico Fermi and Leo Szilard as well as doctors Walter Zinn  (1906-2000), 

Eugene Wigner (1902-1995) and John Wheeler (1911-2008). 

This pile, with the code name CP-1 (Chicago Pile), was the seventh pile the 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 back into the pile. Then the inside of the pile was loaded with graphite tiles and 

uranium. Every other layer was the same type without uranium. Other layers had two holes that 

could be loaded with uranium tiles, which weighed 2.5 kg each. The control rods on the top of 
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the pile were made of cadmium, which was known for its ability 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 of 1942 the team had received about 52 tons of uranium and the assembling of the 

uranium could be started. On December 2nd 1942 the 50 layers of uranium tiles had been 

assembled and the control rods were drawn out of the pile the chain reaction started for the first 

time in history. The thermal output of the reactor was only about 50 milliwatts and later on 200 

Watts of thermal energy was achieved. This was a small step in energy production, but a giant 

step in the history of atomic energy.   

In the late 1942 a team, code name Y, consisting of top atomic scientists in Los Alamos New 

Mexico, was given a mission to design and construct the actual atomic bomb. The site was 

selected so that the test explosion could be carried out near Los Alamos in the desert. The leader 

of the scientific project was Robert Oppenheimer (1904-1967), who was a professor at 

University of California in Berkeley. The members of the team included Niels Bohr, Enrico 

Fermi, Leo Szilard and James Chadwick. They made the basic design of the bomb, which was to 

be made by using both uranium-235 and plutonium-239.  

The principle of the bomb was that it had to reach the critical mass of fissile material within a 

very short time. This could be achieved by combining two uncritical pieces of uranium or 

plutonium in a cylinder, where half of the material is in one end and another half in the opposite 

end. Then the pieces could be put together by using a conventional bomb. The fissile material 

had to consist of 90% pure uranium-235 or plutonium-240. The main difficulty was then, how to 

produce the fissile material. 

A team, code named X, was working in Oak Ridge in Tennessee to separate U-235 and U-238 

atoms. Massive power plants to supply the energy for this process would be needed. Theories on 

the separation of uranium isotopes were developed by Professors Harold Urey (1893-1981) and 

John N. Dunning (1907-1975) in Columbia University. They were experimenting on three 

methods: gaseous diffusion, centrifuges and electromagnetic separation.  

Pure uranium-235 was planned to be produced by the electromagnetic separation developed by 

Lawrence in Berkeley. Thus the huge magnets of Berkeley were transported to Oak Ridge, where 

the separation plant, code name Y-12, was constructed in 1943.  The uranium-235 for the 

Hiroshima bomb was made at this huge plant, which had a total of 45 000 workers. Additionally 

a huge gaseous diffusion plant, with code name K-25, was constructed during 1943-44 in Oak 

Ridge. 

A team, code name W, was collected in Hanford , Washington, which was selected as the main 

site to make the graphite piles to make plutonium.  The selection criteria for the first nuclear 

reactor were following: No village should be closer than 10 miles from the plant upwind. No 

town with more than 1000 inhabitants should be closer than 20 miles from the reactor. 
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The design for a large pile, code name X-10, was done in 1943. The construction of the plant in 

Hanford was started in April 1943, and in September the first pile started to operate. By the end 

of the year the first grams of plutonium had been produced. A separation that which used the 

methods developed by Glenn T. Seaborg was constructed by the DuPont engineers.  

Additionally Wendover in Utah was selected as a training site for the air force which would 

actually drop the bomb. The huge B-29 ñSuperfortressò -bomber was the only plane suitable for 

a long range bombing flight. It had been modified to be able to carry weapons. The task was 

given to Colonel Paul W. Tibbets (1915-2007), who already had experience on dropping the 

first bombs on Germany. Thus his team was trained by dropped huge normal bombs in Utah, and 

Tibbets was the only man who knew there that they were training to drop the atomic bomb.   

All the projects were top secret and only a handful of people knew the purpose of the massive 

facilities that were being built in several locations. Also radiation sicknesses were experienced 

with the atomic piles. At Oak Ridge Doctor Bruns and his colleague were lying in hospital beds 

suffering from radiation overdose.  The first victim of the atomic bomb was this young man, who 

had been too eager in testing, and who then had to meet his destiny.  

The scientists in Dahlem Germany were also studying the possibilities of making nuclear 

materials. The Norsk Hydro heavy water facilities in Norway were destroyed by the English. 

Thus the work with the atomic pile was started with limited resources in Dahlem.  In February 

the allied destroyed the facilities and the construction of the pile was transferred to Hechingen. 

There was a rock cellar that gave shelter to the facilities. However, there were not enough 

uranium and moderator materials to reach the critical mass.  

The heavy water factory in Vermok in Norway had been repaired by the engineers of I. G. 

Farben and was now in full operation again. In February 1944 the heavy water was ready to be 

transported to Germany. A Norwegian resistance soldier named Knut Haukelid  (1911-1994) 

knew how the transportation to Germany would be done. He installed a bomb on board the ship, 

and the explosion sunk with the heavy water aimed for the German reactors. 

In 1944 the allied forces prepared to make the combined attack on Germany. The United States 

and Great Britain would attack from the Western front on Normandy and the Soviet Union on the 

Eastern front. On June 6th about 175 000 allied soldiers landed on Utah, Omaha, Juno and 

Sword beaches in Normandy under heavy fire of the German machineguns. Additionally about 

24 000 airborn troops landed behind the German lines.  

The casualties of the allied forces included about 10 000; killed, wounded, missing or captured. 

The memorial site and the graves of 9387 US soldiers killed in the invasion are still today near 

the Omaha Beach. There you can see US war veterans, who still journey there to relive their 

memories. 
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On June 10th 1944 about 605 000 soldiers of the Red army attacked to Finland. This came as a 

big surprise to the Finnish army Generals, who thought the main target at that time would be 

Germany.   

Finland survived but about 70 000 men were killed or went missing in one month. The Red 

Army lost about 100 000 men, dead or missing and 300 000 were wounded; totaling more than 

half of its attacking forces in one month.  The invasion was stopped in July 1944 and the rest of 

the soldiers were returned to the German front.  

In February 1945 US intelligence started its operations in Germany. One of the main tasks was to 

detect possible nuclear research and the development of an atomic bomb. In the spring of 1945 

the US intelligence detected that Werner Heisenberg was living in Hechingen. Thus they 

thought that the German atomic development was done there.  

On March 1945 the US troops entered Heidelberg and found Walther Bothe, Richard Kuhn, 

Wolfgang Gertner and Beckner. They told that Verner Heisenberg and Max von Laue were at 

Hechingen, and that the experimental uranium pile in Dahlem had been moved to Haiderloch, 

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 an atomic bomb. It was found that the experimental pile was not critical, but 

Heisenberg group had made plans for a bigger pile, which could be.  

Another discovery was that centrifuge separation method of uranium isotopes 235 and 238 had 

been developed quite far, and that in theory the Germans had the possibility to make uranium-

235. The centrifuge research had been started at the University of Hamburg by Dr. Harteck , 

and was continued at Celle. A small centrifuge was found in Hechingen and it was said 

ñoperating satisfactorilyò.  

On May 8th 1945 president Harry S. Truman (1884-1972) in the US, Winston Churchill  in 

London and Joseph Stalin in Moscow announced in their radio speeches that the war in Europe 

was over.  This was a day of victory for many in the allied forces. It was also actually the starting 

point of the Soviet occupation of the Baltic and many Central-European countries, which should 

be also remembered.  

President Truman had been in office for 24 days by the time of his speech and he was still 

thinking about the war in the Pacific, which was still in full force. In the summer of 1945 the 

preparations for the atomic bomb were at full speed. The uranium bomb with a gun-type design 

was believed to operate without a test and there was not much uranium-235 available for the 

tests. The implosion type plutonium bomb was considered more difficult, and thus the scientists 

considered that a test would be needed.   
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The Alamogordon airport  had been selected as the test site. The site was in New Mexico about 

320 km south of Los Alamos. In the morning of July 13
th
, 1945 the atomic bomb was installed in 

the tower. All connections and relays were tested and everyone was waiting for an explosion. 

But then suddenly the sky turned black and all the preparations had to be stopped. The bomb was 

lifted back from the tower and everything had to be started again. 

Finally on July 16
th
 everything was installed and tested again. But a thunderstorm approached the 

site again. Lightning were striking here and there and everyone was thinking about the 

possibility that lightning might hit the tower and destroy the instruments. However, the explosion 

was to be made at 4:00. The bomb was made of plutonium-239 atoms and its force was 

calculated to correspond to 20 thousand tons of dynamite, if all of the nucleus would split. 

However, it was thought that hardly a tenth of it would explode.  

At 3:30 the loudspeakers at the site announced that time zero will be at 5:30. The work on the 

final reparations started. It had been calculated that half an hour before zero time everyone 

should leave the site. At time zero people should turn their faces away from the explosion. At 45 

seconds before time zero the automatic procedure was started and nobody could stop it.  

Robert Oppenheimer was standing in the commanding bunker ten miles away. Everyone was 

told to lie face down on the ground, close their eyes and cover their heads with their hands before 

the countdown to zero.  After the flash they could stand up and watch the explosion through 

smoked glass.  

What would happen? Would the bomb explode? Could it be possible that the whole world would 

be destroyed, as some scientists had predicted?  Then suddenly a bright light flashed, as though 

thousands of suns were burning. The light ball was getting bigger and bigger and turning red and 

purple. 50 second later the pressure wave hit the men in the shelter, and the sound of thunder was 

heard at the same time. A dark cloud was rising from the bomb site and soon it covered the sky. 

Was this the end of the world? 

At the same time on the island of Tinian in the Pacific Ocean the preparations on the airport 

were almost ready. Six runways had been constructed and the huge B-29 Superfortress bombers 

had arrived. The number of them reached several hundreds. The island was also the new location 

for Tibbetôs 509th Composite Group, aimed for a special mission.  The site also included several 

scientists from Los Alamos. Large containers were arriving to the site on ships with extra guards 

from the military police.  

The B-29 bombers delivered their cargo to Japan in large squadrons. They returned within 

twelve hours. The last months of the war had begun.  Colonel Paul Tibbets and his men were 

waiting for the final command to drop the bomb. The generals were calculating the losses that 

would lie ahead if the war would go on island after island. How many soldiers could be saved if 

the bomb would be dropped and how many civilians will be killed by dropping the bomb. 
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Finally, Tibbet had made his plan how the mission would be competed. He had noted that the 

heaviest artillery fire was targeted at the bombers that came in large formations, when single 

aircrafts were left to fly in peace. Thus, his plan was to drop the bomb by one of two planes that 

would approach the target. 

On August 2nd 1945 the B-29 bombers arrived from Wendover to Tinian with special boxes and 

dangerous materials. No one knew what was inside the boxes. On August 5th 1945 General 

Farrel  arrived and Tibbet had assembled his groups at the airport. Tibbet called the men one by 

one by name. Finally 27 names had been called and then everyone knew that this was enough for 

just three bombers.  

The named men formed a half circle and the rest were dismissed. Then General Farrel said: 

Tomorrow, you will fly the atomic bomb under the command of Colonel Tibbets who will fly with 

you. 

 

Figure 1.4.1 Little Boy was 

the first uranium bomb. It 

was dropped on Hiroshima 

 

On the next morning a B-29 bomber with the nick name Enola Gay started its engines. It was 

named after Colonel Tibbets mother. A special package with the atomic bomb was lifted into the 

plane. The bomb was nick named the Little Boy . Captain Parson assembled the explosives onto 

the bomb. The bomb itself contained 35 kg of uranium-235, which had been separated 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 explained to his staff what would happen next. He said that one hour before take 

off three spy planes would start the journey to the targets. If everything would be clear, they 

would give the target where the bomb will be dropped. It would be the place where the sky 
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would be the clearest. The explosion caused by the bomb was explained to them for the first 

time. The bomb would explode at 600 meters above the ground by automatic ignition.   

On August 6th, at 2:45 the engines were started. Two escort planes left the ground first. After 

them Enola Gay followed. The planes met at Iwojima  before their final target. The escort planes 

sent a message that they were above Iwojima and that the final weather forecast was heart. All 

three targets were having thin clouds. After a while one of the escort planes gave a message to 

Enola Gay: The weather is the clearest above Hiroshima.   

The planes were flying in an attack formation that had been trained hundreds of times. Then the 

radio technician shouted that he caught a Japanese message: Danger over. Captain Lewis started 

looking at the ground from the plane at 31 700 feet (9500 m) above Hiroshima.  

Finally, the target was found and the bomb was dropped. The planes turned 150
o
 and started to 

return back. The automatic ignition mechanism of the bomb was started at 7000 feet (2135 m) 

from the ground. At 1900 feet (579 m) the last radio signal from the bomb was captured and the 

electronic ignition happened. This caused the conventional explosion in which a smaller piece of 

uranium-235 was shot into a canon pipe about 120 cm forward to the other end of the canon 

pipe, which in turn contained the rest of the uranium-235 and an immediate explosion followed.  

 

Figure 1.4.2  

Boeing B-29 Superfortress 

plane was used to drop the 

atomic bombs on both 

Hiroshima and Nagasaki  

The aircraft was returning to the base and was about fifteen miles from the site the pressure wave 

shook them within one minute of the explosion. On the ground about 80 000 people were killed 

instantly and 70 000 were injured. The force of the bomb was estimated to correspond to 13 

thousand tons of TNT.  

On August 9
th
, 1945 another B-29 Superfortress, nicknamed as Bockcar, started its trip to 

Nagasaki. This time the bomb was loaded with plutonium-239 and nick named the Fat Man. It 

was 3.3 meter long and 1.52 meters in diameter. It weighed 4.6 tons, including 6.4 kg of 
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plutonium-239. The plutonium was installed on the surface of a sphere to prevent the 

spontaneous fission of the plutonium-239 atoms.  

The plutonium bomb was constructed according to the calculations 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 design the inward movement, implosion and the critical mass of 

the plutonium. The plutonium-239 had been produced in the Hanford reactors by bombing 

uranium-238 atoms with neutrons.  

The devastation in Nagasaki was enormous. About 40 000-80 000 people lost their lives and 

more than this were injured by the radiation or the heat. On August 12th, Japan surrendered and 

the war was over. 

1.5 Other nuclear programs 

After Hiroshima the atomic bomb was known everywhere. The atomic race had started.  Igor 

Kurchatov  (1903-1960) was the leader of the Soviet program. He had established the first 

Soviet nuclear team in 1932 and built the first cyclotron in 1939.  

The program to develop uranium studies was initiated by a secret government order; ˉ 2352ss, 

in which the organization of uranium-related activities was described. The order was signed on 

August 28th, 1942. An ad hoc committee was set up to take overall charge of uranium mining 

and development of the atomic bomb. On February of 1943, a new order was given to move the 

laboratory to Moscow, and to appoint Professor Igor Kurchatov as the scientific leader of all 

uranium research. On April 12th, 1943, the Instrumentation Laboratory No. 2 or the Russian 

Research Center Kurchatov Institute was established within the Academy of Sciences.  

The Soviet Union had received the Maud report in 1943 and were aware of the British ideas on 

nuclear weapons. The report ñAtomic Energy for Military Purposesò or the so called Smyth-

report  was published in August, 1945 just after Hiroshima and Nagasaki. The report described 

the development of the atomic bomb between years 1940 to 1945. Thus the basic data of atomic 

energy was available to everyone. 

Josef Stalin ordered Igor Kurchatov to build an atomic bomb in 1948. The plutonium was 

produced in a 100 MWt reactor (A) at Chelyabinsk, which was a secret city for a long time. 

The plutonium bomb was the same type as the Fat Man in Nagasaki (Figure 1.5.1). The first 

Soviet atomic bomb (RSD-1) exploded on August 9th, 1949 in Semipalatinsk in Kazakhstan, 

four years after Hiroshima.  

The radioactive fallout was detected on September 3rd by an American B-29 aircraft that was 

flying near the Kamchatka peninsula, and the Americans could then calculate the time of 

explosion and the type of the Soviet atomic bomb. The time of the Cold War and nuclear threat 

had started.   
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Figure 1.5.1 The first Soviet nuclear bomb used plutonium. It had similar measures than the 

ñFat Manò, which was dropped on Nagasaki. The document in the front is the order on the 

ñAtomic Project in the Soviet Unionò 

 

The information regarding the atomic bomb was said to have spread through German born 

Doctor Klaus Fuchs (1911 Germany-1988), 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 external shape of the 

bomb was identical. 

The father of the British atomic bomb was William Penney (1909-1991), who attended the 

US weapons program at Los Alamos. He was asked to be the technical leader of the British 

team in May 1948. In October the first reactor went critical and started to produce plutonium. 

The British joined the atomic club on October 3rd, 1952 by exploding their first plutonium 

bomb. 
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By this time the cold war between the West and East had started and the atomic weapons 

were thought to give atomic shield to Europe, when the Soviet Union had excessive capacity 

in tanks and conventional weapons. Korean War started in June, 1950. Both the Soviet Union 

and the US had atomic weapons available and some generals even thought to use them. 

However, they were never used again in war.   

 

1.6 Energy of the sun 

Cecilia Payne (1900 UK-1979) pointed out in her doctoral thesis in 1925 that the sun 

consists mainly of hydrogen and helium. She also found that the stars are mainly consisted of 

hydrogen. Until then all the astronomers believed that the sun consists of iron, and the new 

fact was not accepted. One reason was that Payne was an English born woman in America, 

and at the time she was discriminated by the scientific community. 

1.6.1 The American hydrogen bomb 

The fusion bomb was discussed in 1942 at Berkeley summer school, where Robert 

Oppenheimer met Enrico Fermi  and Edward Teller (1908-2003). Fermi presented the idea 

of the fusion bomb, which would give more energy than the fission bomb. Edward Teller was 

fascinated about this idea and was developing it further, but it was abandoned at that time. 

Robert Oppenheimer had left Los Alamos and in 1947 he took the position of Professor of 

Advanced Studies in Princeton, New Jersey.  He also became an adviser for the US Atomic 

Energy Commission, which led the development of atomic science since 1946. He was 

opposing the development of the hydrogen bomb and proposed that the US should have 

instead more fission bombs.  

After the Soviet atomic bomb in 1949 US President Harry Truman demanded further actions 

to be taken by scientists about development of the super-bomb in January of 1950. Edward 

Teller was invited to return to Los Alamos that same year. He had also seen what had 

happened to his home country Hungary after the war under Soviet dictatorship.  

Another man behind the idea of the hydrogen bomb was Stanislaw Ulam (1909-1984), a 

Jewish-Polish mathematician. Ulam proposed that the bomb could be built so that it had a 

fission bomb in one end and thermonuclear material in the other. Thus the fission bomb could 

cause the compression of the thermonuclear material, which would then reach the pressure 

and temperature needed for the fusion.  

The first hydrogen bomb was developed using this principle, named the Teller-Ulam design. 

The idea was to use fast X-rays instead of neutrons in triggering the fusion of the deuterium 

(hydrogen-2) and tritium (hydrogen-3) atoms. The fission bomb was placed in a cylinder and 

detonated. Then the X-rays caused the secondary fission of plutonium-239 by implosion, 

which was boosted by fast neutrons coming from the fusion. Therefore actually much of the 

energy will came from the plutonium fission.  
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Both Teller and Ulam applied for the patent of the hydrogen bomb.  The first hydrogen bomb 

of this type was then exploded on November 1st, 1952 on Bikini Island . The bomb had the 

power of 10.4 megatons of TNT and it made a crater 50 meters deep. It also caused radiation 

on the island and a lot of radiation damage among the native people. 

1.6.2 The Soviet hydrogen bomb 

In the Soviet Union, Andrei Sakharov (1921-1989) invented the same type of hydrogen 

bomb in Igor Kurchatovôs team. The design of the bomb was based on Sakharovôs Third 

Idea, nearly the same design as the Teller-Ulam bomb. The bomb was exploded on 

November 22nd, 1955 at the Semipalatinsk test site in Kazakhstan, only three years after the 

US hydrogen bomb.  

Then on October 30th, 1961 the Soviet Union exploded the biggest hydrogen bomb in 

Novaya Zemlya. It had the power of 50 Megatons of TNT and so the Soviet Union had taken 

the lead in hydrogen bombs. The bomb was about 5000 times more powerful than the first 

bomb in Hiroshima. The fallout of radiation was also noticed in the Nordic countries, as the 

test site was quite near.  

1.7 Opposition voices  

In 1950 Albert Einstein sent his letter to the US President, in which he warned that nuclear 

testing might destroy the environment. In 1954, four months before his death Einstein said: 

 ñI have made one great mistake in my life when signing the letter to President Roosevelt 

recommending that atom bombs should be madeò.  

Also Oppenheimer wanted to put limits to the development of nuclear weapon programs in 

their home countries. Oppenheimer was then accused for his connections to the communist 

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

communist party.  

Also his war time colleague in Los Alamos, Edward Teller, testified against him. 

Oppenheimer lost his classification status in 1953, and President Dwight D. Eisenhower 

asked him to resign. Ten years later in 1963 President John F. Kennedy awarded 

Oppenheimer with the Enrico Fermi Award  and his status was rehabilitated.   

Sakharov was also politically active. He spoke against nuclear testing and ballistic missiles. 

He became a leader in the Soviet liberalization movement after the Soviet invasion in Prague 

in 1968. He was awarded the Nobel Prize of Peace in 1975, but was arrested because of his 

liberal ideas. Sakharov was released when President Mikhail 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 on October 24th, 1945. The UN countries thought that 

the organization would be needed to prevent future wars and also to control the spreading of 

weapons. One of the main aims was also to help the development of nuclear energy for 

peaceful uses. 

Ten years later in August, 1955 the UN organized the first Geneva Conference, aim of 

which was to discuss ñThe Peaceful uses of Atomic Energyò. Some 1000 papers were 

presented during four days. Many of the papers gave thoughts about the building of atomic 

power plants, which were thought to be able to generate electricity ñfree of chargeò. 

The International Atomic Energy Agency (IAEA) was then established in October, 1956 

in New York. The headquarters of the IAEA were established in 1958 in Vienna, Austria. 

The safeguard systems came to full effect in 1963, after five year discussions between the 

participating countries.   

The race to build nuclear power plants had started. The first nuclear reactors for power 

generation were built in the United States (EBR-1 1951 Arco), the Soviet Union (Obnisk 

1954), the UK (Calder Hall 1956) and then again in the US (Shippingport 1957).  

 

2.2 Fast breeder reactors 

2.2.1 USA 

The fast breeder reactors actually started the construction of power reactors. The basic idea 

behind the fast reactors is their possibility to use fast neutrons, which can then breed the 

uranium-238 atoms into plutonium-239. The primary fissionable material is plutonium-239, 

which produces 25% more neutrons than uranium-235 and thus the extra neurons can be used 

to convert uranium-238 in the blanket into plutonium-239. The cooling media in fast reactors 

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

Several metals can be used, depending on the melting and boiling points: mercury (-38.8 and 

356.7 
o
C), sodium-potassium NaK (-11 and 785 

o
C), sodium (97.7 and 883

o
C), lead-bismuth 

(123.5 and 1670 
o
C) and lead (327.5 and 1749 

o
C). Because the atoms of the metals are 

heavier they do not slow down the neutrons. But the metals are not liquid at normal ambient 

temperatures and thus they must be heated.  
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The first reactor actually built was the Experimental Breeder Reactor (EBR-1). It used 

sodium-potassium (NaK), which has excellent cooling properties. It was a prototype of 

breeder reactors developed by Walter Zinn  (1906-2000).  

Walter Zinn was said to be the man who caused the fist critical nuclear reaction by removing 

the control rods in the Chicago pile on December 2nd, 1944. After the Manhattan project 

Zinn was the first director of the Argonne National Laboratory (1946-1956), which had been 

established 40 kilometers southwest of Chicago. The Argonne National Laboratory was a 

direct descendant of the Metallurgical laboratory of the University of Chicago, where the first 

reactor (CP-1) was constructed.  

EBR-I was built in Arco, Idaho in 1951 for experimental purposes to demonstrate the breeder 

reactor concept. The breeder reactor generated more fissile materials (plutonium-239) than it 

consumed. The uranium-235 elements were surrounded by a uranium-238 blanket, where 

they were converted into plutonium-239 in neutron radiation.  

The output of the EBR-I was 1.4 MWt and it produced 200 kWe of electricity. It generated 

the first electricity by using nuclear energy on December 20th, 1951 in a steam turbine; 

enough for lighting four light bulbs. The main goal of the experiment was to demonstrate 

breeding concept so that larger reactor, the EBR-II , could be built.  

 

 

 

 

Figure 2.2.1 EBR-1 

generated electricity on 

December 20th, 1951 

(Source: Rick Michal, 

Nuclear News November 

2001) 

 

The EBR-II  reached criticality in July of 1964. In its final phase of operation the reactor 

output reached 62.5 MWt. The EBR-III had also been planned, but it was never realized.    

The first commercial fast reactor in the US was the Enrico Fermi-1 built near Detroit, 

Michigan.  It had an electrical output of 61 MWe and started operation in 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 until a sodium fire stopped its operation in 1970. Finally its operation license was not 

renewed and the reactor was decommissioned in 1973. 

The US was starting to construct the first commercial scale breeder, the Clinch River, in 

1973. The reactor was designed to produce 350 MWe of electricity from 1000 MWt of 

thermal energy. It was a loop type reactor, cooled by liquid sodium.  By this time the US 

uranium resources were estimated to support 1000 GWe of electrical capacity using light 

water reactors.  Thus additional capacity had to be constructed by using the breeder reactors. 

The development of breeders in the US was terminated, when the construction of the Clinch 

River plant was stopped in 1983 by a voting of the Congress. The costs of the breeder reactor 

power plant were estimated to be double the costs of a light water reactor and the price of 

uranium should be more than $165 per ounce to make to this type of reactor competitive. 

However, the actual prices have remained below $100 per ounce most of the time, because 

the nuclear expansion never happened. 

2.2.2 The United Kingdom 

The British also started the fast reactor design based on sodium-potassium (NaK) coolant. 

The first experimental fast reactor, Dounreay Fast Reactor (DFR), started operation in 1962 

in Scotland. The power plant had an electrical output of 14 MWe. Plutonium-239 was used as 

the primary fuel of the reactor. It was a loop type reactor that had 24 sodium-potassium 

coolant loops. The plant was decommissioned in 1977. 

The second plant in Dounreay, Prototype Fast Reactor (PFR), had an electrical output of 

250 MWe and was taken into operation in 1970. It was a pool type reactor, which was cooled 

by liquid sodium and the primary fuel was a mixture of uranium oxide and plutonium oxide 

(MOX). The plant was decommissioned in 1994 when its financing was stopped. 

2.2.3 France 

France had also built sodium cooled fast reactors. The 130 MWe Phénix reactor was 

connected to the grid in 1973 in Marcoule. The Phénix reactor continued its operation until 

2009 when it was stopped and remained waiting for decommissioning.  

The 1200 MWe commercial Superphénix was then commissioned in 1986 at the same site. 

The Superphénix reactor was stopped for maintenance in 1996 and was not started again.   

France is planning to build the next liquid sodium cooled breeder reactor by 2020. However, 

no decision has been made yet. The main reason behind building of new reactors is the rising 

price of uranium, which would make the breeders competitive.  

2.2.4 The Soviet Union 

The development of breeder reactors has continued in the Soviet Union and it is the only 

country in Europe that still has operating fast reactors. The Soviet Union put much of its 

research into breeder reactors because its uranium resources were quite limited. 
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Several conceptual breeders were developed. The first experimental fast reactor BR-1 (Bistra 

Reaktor) went critical in 1955 and had a thermal output of only 100 W. The sodium cooled 

BR-5 went critical in 1959 and it had 5 MW of thermal output.    

The next research fast reactor was BOR-60. The reactor was commissioned in 1969 and it is 

still in operation. The reactor has 60 MWt of thermal output and 10 MWe of electrical output. 

It uses a mixed oxide fuel in which uranium-235 content varies from 45% to 90%. The next 

reactor was BN-350, which was built in Kazakhstan in 1972. The reactor had 350 MWt of 

thermal output and 150 MWe of electrical output. The plant was operating until 1999.  

Beloyarsk-3 was the site of the BN-600 breeder reactor. It was connected to the grid in 1980 

and is still in operation. The reactor is a pool type and cooled by liquid sodium. It has 560 

MWe of electrical output. Until today the operating history of BN-600 has been excellent. Its 

load factor has been more than 70% for twenty years in row.  The specific construction costs 

of BN-600 were estimated to be 50% more than the costs of a VVER-1000 reactor.  

Also plans for a larger fast reactor BN-800, Beloyark-4, have been made and the 

construction of unit started in 2006. The specific costs have been estimated to be 40% higher 

than in a VVER-1000 plant. 

 

 

 

Figure 2.3.1 BN-600 is a 

pool type fast reactor 

There are also plans to build lead-bismuth cooled 300 MW Brest 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 enriched uranium, but only 

reprocessed plutonium-239, uranium-235 and depleted uranium-238.  

The Brest reactor could breed in the blanket the depleted uranium-238, which is the waste 

from the enrichment plants. If enriched uranium-235 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 

2.3.1 The Soviet Union 

The first Soviet nuclear plant to generate power was Obninsk. It was connected to the grid in 

June 1954. It was a prototype for the RBMK -reactors, which are cooled by water and 

moderated by graphite. The output of the reactor was 30 MWt and the power plant could 

generate 5 MWe of electricity.  

The reactor vessel was assembled by using graphite modules, which had a cylinder shape, 1.5 

m diameter and 1.7 m height. The 128 vertical rods can be assembled into vertical holes in 

the graphite fuel elements. The elements include two tubes where the cooling water is 

pumped in through the inner tube and out through the outer tube. The uranium was assembled 

between the two tubes. The primary cooling water was then led to a steam generator which 

generated 12 bar steam for a 5 MW steam turbine. 

The reactor used enriched uranium-235 and it could be used to produce plutonium, because 

fuel could be loaded continuously. Thus the uranium-238 atoms could be converted to 

plutonium-239 atoms in the neutron flux of the reactor. The fuel was unloaded before the 

plutonium-239 atoms were converted into plutonium-240 atoms.  

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

not optimized regarding safety aspects. The reactor could become promptly critical by 

accident. The same type of reactor had the worst nuclear accident to date in 1986 in 

Chernobyl, which then stopped nuclear power projects all over the world.  

2.3.2 Magnox in the UK 

The Calder Hall  reactor was a prototype of the Magnox-reactors, which were constructed in 

the UK. The name of the reactor comes from the cladding material of the fuel, which has 

been made by using magnesium non-oxidizing material. The power plant was connected to 

the grid on 27th of August, 1956.   

The reactor was cooled by carbon dioxide gas, which was then used to generate steam in a 

steam generator. The steam was used in steam turbine to rotate a 50 MWe generator. The gas 

cooling system was designed so that during accidents the cooling could be done by using 

natural cooling by air. This was thought to be safer, as a steam explosion was impossible. In 

Chernobyl, the steam explosion was caused by the combination of burning graphite and 

water. 

The moderator of the Calder Hall reactor was graphite, as in the Chernobyl. The graphite was 

packed in a steel reactor vessel. In later designs the reactor vessel has been made by using 

reinforced concrete. The Magnox-material was found to deteriorate, 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 years the Magnox-reactors were also used for the production of weapons grade 

plutonium-239. This same design has also been used in North Korean reactors for weapons 

grade plutonium production.  

2.3.3 The AGR in the UK 

The second generation UK reactors were called the Advanced Gas Cooled Reactors (AGR). 

They used graphite as the moderator and carbon dioxide as the coolant. The AGR reactors 

use stainless steel fuel cladding, which allows for a higher exit temperature (648 
o
C) of the 

coolant and thus enables higher efficiency (41 %) of the power plant.  

The first AGR plant was the Dungeness B, which was connected to the grid in 1983 and is 

still in operation. The plant has two 1500 MWt reactors in the same reactor building and two 

550 MW steam turbines. A total of seven AGR plants were constructed by 1989.  

The following UK plant was the Sizewell B, which used pressurized water reactor 

technology. One of the reasons for abandoning the AGRôs were the higher investment costs 

of the gas cooled reactors and low energy availability factors of the plants.  The lifetime 

energy availability of UK nuclear plants has been 71% while the world average availability 

factor has been 77%.  

2.3.4 UNGG in France 

The first French reactors followed UK gas cooled reactor development. The reactor type 

UNGG (Uranium Naturel Graphite Gaz) that was developed in France was also a graphite 

moderated and carbon dioxide cooled reactor. The cladding material in the fuel rods was 

magnesium-zirconium, instead of the magnesium-aluminium that was used in the Magnox-

reactors. 

The first reactors G1, G2 and G3 were built in Marcoule in 1956, 1959 and 1960 

respectively. The first reactor (G1) had a 2 MWe electrical output and it was in operation 

until 1968. The next two reactors (G2 and G3) had a 38 MWe output and they were in 

operation more than 20 years until they were decommissioned. 

The development continued with reactors A1, A2 and A3; with output of 70 MWe, 180 

MWe and 360 MWe. Finally 500 MWe reactors were built in Saint Laurent and Bugey sites 

in France and in Vandellos in Spain.  After them the construction of gas cooled reactors was 

stopped and the new reactors were pressurized water reactors. 

2.3.5 The HTGR in the US 

The first gas cooled reactor in the US was designed in Oak Ridge. The idea of the high 

temperature reactor was to use graphite as the moderator and helium as the coolant. The first 

HTGR reactor was built in Peach Bottom, Pennsylvania in 1967. The output of the plant was 

40 MWe and it was shut down in 1974. 

The second HTGR plant to be built in the US was Fort Saint Vrain  in Colorado. The output 

of the plants was 330 MWe and it was connected to the grid in 1976 and shut down in 1979.  
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The plant used a pre-stressed concrete pressure vessel. The main problems occurred with the 

helium circulators and availability factor of the plant was very low. 

2.3.6 The Pebble Bed Reactor in Germany 

The German HTGR reactor design was started by building a 15 MWe demonstration AVR  

(Arbeitsgemeinschaft Versuchreaktor) plant in 1967. The fuel was collected graphite 

spheres 6 cm in diameter, which were then cooled by helium. This pebble bed concept still 

offers very promising modular design. The first AVR plant was permanently shut down in 

1988. 

The next design of the pebble bed concept was the THTR (Thorium Hoch Temperatur 

Reaktor) 300, which was built in 1971 and permanently shut down in 1988. The electrical 

output was 300 MWe and it used a steam turbine cycle. It used uranium-235 and thorium-232 

fuel, which was packed into graphite spheres, 6 cm diameter.  

China has licensed the AVR technology from Germany and built the first 10 MWt reactor in 

2000. The next graphite moderated plant will be a 200 MWe plant in Shidaowan. The plant 

includes two 200 MWt modular reactors and one 200 MWe steam turbine. The construction 

of the plant is expected to start in 2011 and the plants will be ready by 2015. China is 

planning to build 18 units with a 200 MWe unit size each. 

The high temperature gas cooled reactors are considered to be one of the major IV  generation 

technologies that are under development. The 400 MWt helium cooled pebble bed reactor is 

under licensing process in 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 also announced 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 

submarines. This project was started by Admiral  Hyman Rickover (1900-1986) in 1949. 

The first PWR submarine, Nautilus, was then launched in January, 1954. Its reactor was 

using uranium fuel with zirconium cladding. The submarine engines were produced by 

Westinghouse and General Electric. During the project the companies acquired the 

necessary knowledge to build the nuclear power plants. In 1958 Nautilus made its first trip 

under the polar ice cap. 

The reactorôs primary circuit was surrounded by a containment building, which could hold all 

the leakages in the building. No radioactive materials would be released into the 

environment. The containment building is a large pressure vessel, which can be made with 

steel, pre-stressed concrete or with reinforced concrete with a steel liner. 
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2.4.1 Westinghouse 

The first modern type power reactor was built by Westinghouse in Shippingport, 

Pennsylvania, USA. The reactor was a prototype of the pressurized water reactor, which later 

became one of the most built reactors in the world. The plant had a pressurized primary 

circuit that was cooled the reactor and was radioactive. The non-radioactive secondary circuit 

then produced steam for the steam turbine, which in turn rotated the generator.   

 

 

 

 

 

 

Figure 2.4.1 A typical 

layout of the containment 

building of a PWR plant 

(NRC)

The electrical output of the Shippingport plant was 60 MWe. The reactor plant was installed 

inside a reinforced steel containment, which has been a standard in the most pressurized 

water reactors since then (Figure 2.4.1). The possible reactor cooling accidents were taken 

into account for the first time. The reactor became critical on December 2nd, 1957, just 15 

years after Enrico Fermiôs first reactor became critical in Chicago. 

After this Westinghouse became the number one supplier of pressurized water reactors in the 

world markets. The reactors were using two, three or four vertical steam generators in each 

reactor depending on the output. 

The reactor pressure vessel (RPV) is made of steel and it contains fuel elements. The vessel 

head can be opened for refueling. The control rods are above the pressure vessel and they can 

be moved up and down by using the reactor power control system. The control rods will be 

automatically dropped into the reactor, if the reactor safety system detects that two out of 

three signals have exceeded the 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 decreased by purging 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, the additional make-up water is injected into 

the system first by pressure accumulators, then by high pressure safety injection water pumps 

and finally by low pressure safety injection pumps, which all have diesel engine back-up. 

The latest Westinghouse reactor, AP1000, has passive emergency cooling systems, which can 

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 the cooling 

water temperature, ranging between 1150 ï 1200 MWe. 

Two AP1000 reactors are under construction in China. Additionally several AP1000 plants 

are in planning stage in the US. AP1000 plant is also one of the alternatives for the new 

reactors to be built in the UK. However, AP1000 has not been selected as a candidate by the 

Finnish utilities, which are planning to build two new reactors before 2020. 

2.4.2 Combustion Engineering 

Combustion Engineering (CE) was another supplier of reactors in the US. The company 

supplied the first Nuclear Steam Supply System (NSSS) for the Palisades nuclear plant in 

1971. The plant has two steam generators, four cold legs, four circulating pumps and two hot 

legs. 

The largest nuclear plant in the US is the Palo Verde, which has three units with a total 

capacity of 3800 MWe. All three NSSS plants have been supplied by CE and they use the 

two steam generator concepts. In addition CE has also supplied NSSS for some Korean 

nuclear plants.  

The Swedish-Swiss engineering company Asea-Brown Boweri (ABB) acquired Combustion 

Engineering in 1990. After this acquisition CE was bankrupted because of asbestos liabilities. 

Thus no new CE type PWR plants have been built by ABB, but the Korean Electric Power 

Company (Kepco) has developed their plants using CE technology. 

2.4.3 Babcock Wilcox 

Babcock Wilcox was one of the old boiler manufacturing companies established in 1867.  It 

was also involved in the Manhattan project and supplied equipment for the first US nuclear 

submarine, Nautilus. B&W supplied the Nuclear Steam Supply System for the first nuclear 

ship Savannah in 1961. 

The first NSSS for a nuclear power plant was supplied by B&W for a 275 MWe Indian 

Point nuclear plant in New York about 60 km north from New York City. The plant was 

connected to grid in September 1962 and it used thorium in its first core.  
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The thorium did not meet expectations and it was changed to uranium oxide fuel. After some 

safety problems the operation license was not renewed in 1974 and the reactor was shut down 

permanently. 

B&W has supplied several other NSSS for US plants. One of them was the famous Three 

Mile Island (TMI)  plant in Harrisburg. The first reactor TMI -1 had a 786 MWe output and 

it was connected to the grid in 1974.  

The second unit TMI -2 had a 880 MWe output and it was connected to the grid in 1978.  The 

plant had similar features as the Westinghouse and Combustion Engineering plants. The main 

difference was the once through steam generator and that the primary system had smaller 

water volume than the others. Thus the TMI-plant was more vulnerable to transients and left 

the operators less reaction time.   

On March 28th, 1979 the TMI-2 reactor experienced the worst accident ever to happen to any 

pressurized reactor in history. The pilot operated relief valve (PORV) of the pressurizer had 

stuck open. The operators were not able to note the failure because no warning signal from 

this was given. The primary circuit was leaking water into the purge tank and the reactor core 

was left without cooling water. This caused the partial meltdown of the reactor core. 

The radioactive release was about 43 000 Curies (1.59 PBq), mainly Krypton. Also a small 

amount of iodine was released and the people in the area were evacuated. At the time it was 

said that that the maximum dose of radiation for anyone within the power plant boundary 

would be the same as if the person had been in a normal X-ray inspection. 

However, this accident practically stopped the construction of new nuclear plants in the US. 

The public opinion also turned against nuclear plants. By this time the movie ñChina 

Syndromeò (Jane Fonda, Jack Lemmon and Michael Douglas) was spreading the story of 

TMI-2. It was a big surprise to us all that the movie had predicted the TMI-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 built by using 125 MWe reactor modules, which have been designed for railway 

transportation. The reactor has a five year refueling cycle and passive safety systems. It will 

remain to be seen what is  the future of this new design. 

2.4.4 VVER (Rosatom, Atomstroiexport) 

The first PWR reactor in the Soviet Union was the Novovoronesh-1 VVER-200 reactor. The 

name VVER comes from the Russian ñVoda Vodyanoi Energetichesky Reaktorò, which 

means that the reactor is moderated and cooled by water. The next VVER units in 

Novovoronesh were VVER-380, VVER-440 and VVER-1000, which is the latest model. 

The difference between the Soviet VVER and the Westinghouse units is the horizontal steam 

generators of VVER reactors. The VVER-440 has six horizontal steam generators and the 
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VVER-1000 has four. Another feature is the VVER reactor pressure vessel, which has 

smaller diameter to allow railway transportation.  

The VVER-440 was the first Soviet nuclear plant to be exported. Finland was the first 

country to buy the two VVER-440 reactors for the Loviisa plant. The plant was provided with 

western type safety systems. They include containment building, emergency cooling systems 

and diesel generators, which could eliminate the radioactive releases during a postulated loss 

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

very modern technology.  

The latest VVER-91 design of the VVER-1000 plant also includes a core catcher, which can 

cool the molten reactor core during core meltdown accidents. The first core catcher was built 

in the VVER-91 reactor Tianwan-1, which was connected into the grid in 2006 in China. 

The architect engineering of the Tianwan reactors was done by the Finnish Utility Company 

Imatran Voima Oy  (IVO) , which was planning to build Loviisa-3 plant using this VVER-

91 design. By this time I was also in the Loviisa-3 project and responsible for conceptual 

studies.  Unfortunately the Chernobyl reactor accident happened in 1986 and the construction 

of Loviisa-3 plant was suspended.  

The next VVER power plants will be built in Russia. They will be using the new VVER-

1200 (AES-2006) design and the first four units will be the Novovoronesh 2-1 and 2-2 and 

Leningrad 2-1 and 2-2. The Leningrad plant will be very similar to the VVER-91 design, 

but it will include passive systems for containment cooling. The VVER-1200 design has a 

1150 MW net output, four steam generators and one 3000 r/min steam turbine.  

VVER plants will  also be built in India and Bulgaria. The capacity of the Ishora factory in St 

Petersburg is four VVER-1200 reactor pressure vessels annually. Two on these are available 

for export markets. Additionally the JSC Machine Building plant near Moscow might start 

building pressure vessels and the total capacity could increase to 8ï10 vessels annually.  

2.4.5 European PWR reactors 

France and Germany have built several PWR plants which were originally built under license 

from Westinghouse. Most of the plants were four loop plants with four vertical steam 

generators. The difference of German plants to others was the sphere shape steel containment 

vessel as the Westinghouse and French 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 diesel engines. They used Alsthom steam turbines.      

The latest type PWR is European Pressurized Reactor (EPR) plant, which prototype is 

now under construction in Finland at Olkiluoto site. The Olkiluoto -3 plant will be the largest 

nuclear unit in the world in 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 Olkiluoto-3 plant also includes a core catcher, as the Tianwan reactors in China. The 

core catcher was required to be built in Finnish power plants to prevent radioactive releases 

during possible core meltdown accidents. Now, also the next EPR in Flamanville in France 

will have a core catcher. 

The design of the EPR plant also includes a double containment, where the outer concrete 

containment is planned to protect the plant against a possible crash by a jumbo airplane. 

These features have increased the investment costs of both the EPR plants. The actual 

investment costs will be about ú3500/kWe without interests during construction and 

construction time will be about eight years. 

The supplier of the EPR reactors, AREVA, is now planning to make smaller reactor Atmea 

with more conventional safety features to save costs. This program has been accelerated after 

Areva lost the United Arab Emirates (UAE) contracts to the Koreans.  

2.4.6 The Korean PWR reactors 

The building of nuclear power plants in Korea was started by using Westinghouse PWR 

technology in the first nine power plants. Later the Koreanôs own design was started based on 

the Combustion Engineering plant in Palo Verde, USA.  

The first plants were called OPR1000, and they had two large vertical steam generators. The 

plant concept includes two reactor units, which will generate energy in about 52 months from 

first concrete. All together six of these power plants with two units have been built by now. 

The latest design has been named APR1400, and it has been designed based on the 

OPR1000. The output has been increased to 1400 MWe, but the reactor plant has only two 

vertical steam generators. There are four cold legs and two hot legs in the primary circuit. 

The cold legs have four cooling water pumps. The reactor pressure vessel is located inside a 

concrete vessel, which has been filled with water to cool the core during a possible core 

meltdown accident. 

The standard design includes two units at one site, with 2800 MWe total output. There are 

two plants in construction with four units all together. Additionally, the Korean Nuclear 

Electric Power Corporation (Kepco) received an order of a four unit APR+ plant in the 

United Arab Emirates. The APR+ is an updated version of the APR1400, 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 stage. Within 

six years the total capacity of APR-reactors will be more than 12 000 MW. 

2.4.7 The Chinese PWR 

China has built a 300 MWe PWR plant based on Chinese design in Qinshan-1 in 1991. The 

next four units in Qinshan-2 had 610 MWe net output each. Three Qinshan units were 

connected to network in 2002, 2004 and 2010 and one unit is still under construction. 
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The first two 900 MW PWR plants in China were constructed using French PWR technology 

in Daya Bay Guandong in 1993 and 1994. This technology was adapted for the first time 

with type name CNP-1000 in Lingao-3 and -4 plants, which were connected to grid in 2010 

and 2011, respectively.  

There are now twenty CNP-1000 units under construction. The CNP-1000 design is ñan 

improved Framatomò plant, and it has three steam generators. The first pressure vessel for the 

Lingao-3 plant was manufactured in China in 2009. The design is similar to the French II 

generation design, without the provisions for core meltdown.    

 

2.5 Boiling water reactors 

The other light water reactor technology that became a success story is the boiling water 

reactor (BWR). The main difference to the pressurized water reactor is that in BWR plants 

there are no steam generators. Thus the water is converted into steam in the reactor itself. 

2.5.1 General Electric BWR 

BWR technology was invented by Samuel Untermyer, who is the owner of the U.S. Patent 

for steam generation in the reactor. He worked at the Argonne National Laboratory and 

built the first experimental boiling water reactor, BOREX (boiling water reactor experiment). 

General Electric (GE) hired Untermyer in 1954 and the company developed the BWR plants. 

The first BWR plant actually built was the 24 MWe Vallecitos plant in San Jose, California 

in 1957.  After this project GE started to offer this technology to the market in a large scale. 

The first commercial plant was Dresden, which had a 197 MWe electrical output. It was 

connected to the grid in 1960.   

After that several BWR plants were built in the US and in other countries. The destroyed 

Fukushima Dai-ichi reactors in Japan were built by GE or under GE licenses. The old designs 

had a toroid type (Mark-I) pressure suppression pool type containment (wet well), into which 

the steam from the reactor pressure vessel would be released and condensed. This design was 

also used in the units 1-5 in Fukushima Dai-ichi nuclear plants.  

The development of the BWR plants went to large output and more simplified design. The 

primary circuits were simplified, the external circulating pumps were replaced with internal 

circulating pumps and the new BWR type was then called as the Advanced BWR (ABWR).  

The new design (Mark III) had a dome type reinforced steel containment, which was similar 

to the PWR plants, but it was smaller because of the pressure suppression pool. 

2.5.2 ABWR (GE Toshiba) 

Several BWR plants were also built in Japan by using GE design. The Kashiwazaki-Kariwa  

plant in Japan is the largest nuclear plant in the world with a 8100 MWe output. It has seven 

BWR units in operation. The first five units had a conventional design with 1100 MWe 
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output. They were built between 1985 and 1993. Units 6 and 7 are of Advanced BWR-type 

with a 1315 MWe output. They were connected to network in 1996. 

The Kashiwazaki-Kariwa plant was also designed to withstand a smaller earthquake. In 2007 

a severe earthquake actually happened near the plant, and it stopped the plant for inspections. 

The other plants that were planned for Japan were postponed. One of the reasons was the new 

design, ESBWR, which was coming on the market place. 

The first ABWR plants in the US will be the two South-Texas units near Houston. They will 

have a 1400 MWe output each. However, the construction of the plant has not started yet. 

The Toshiba ABWR plant is of the options of plants that will be built in Finland by 2020.  

The output will be 1600 MWe in Finnish cooling water conditions. 

2.5.3 ESBWR (GE Hitachi) 

The Economic Simplified Boiling Water Reactor (ESBWR) was the next design that General 

Electric and Hitachi introduced to the market. The design includes passive emergency 

cooling systems. The design was docketed by USNRC in 2005 and the combined 

construction and operation license (COL) was applied in 2007. 

The new concept has been designed to keep the core cooled by natural circulation for 72 

hours without using outside electricity. Thus the emergency cooling water tanks have been 

placed above the reactors outside of containment building. 

The ESBWR exists today only on paper and no reactors are under construction. Thus it is 

uncertain if such a reactor could get a construction license and what would the construction 

costs be. However, it has been taken to be one of the options of the new plants to be built in 

Finland. 

2.5.4 BWR (Asea Atom) 

Asea-Atom Ab  from Sweden was also one of the designers of boiling water reactors. Asea-

Atom has built eight plants in Sweden and two in Finland. It has had advanced design 

features and the first internal recirculation pumps of any BWR plant were built in Olkiluoto -

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

The plant was quite advanced at that time, but it could not tolerate an electrical blackout for 

more than one hour, before the core cooling started to have problems.  This is one of the 

reasons why in Fukushima Dai-ichi the core was without water very soon after the tsunami 

hit the plants. 

Unfortunately Asea-Atom stopped its activities as Sweden denied further nuclear 

construction in Sweden by referendum in 1982. Asea-Atom was joined with Brown Boveri 

and became as ABB. Later ABB reactor operations were sold to British Nuclear Fuels and 

they became a part of Westinghouse. Westinghouse was taken over by Japanese Toshiba and 

has the AP1000 pressurized water reactor as their flag ship. 
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2.5.5 BWR (Areva) 

Boiling water reactors were also designed and constructed in Germany by AEG under GE 

license. The first plant, Kahl , was constructed in 1961. The plant had a 16 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 was later taken over by Kraftwerk Union (KWU). The concept was not built at that 

time, because it was much more expensive than the II-generation reactors. 

While the nuclear activities of KWU were transferred to Areva, the passive BWR plant is still 

available for utilities.  It is one of the candidate plants to be built in Finland. The plant will be 

sold using a name ñKerenaò and its output will be about 1250 MWe. The plant is planned to 

withstand plane crash and core meltdown. In addition, the plant has good load following 

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) in Canada was one of the early reactors, 

which was aimed for electricity generation.  The first prototype Candu-reactor was the 

Nuclear Power Demonstration (NPD) reactor that was connected into grid in June 1962. It 

had a 22 MWe electrical power output and the 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 reactor was constructed at Douglas Point. It started operation 

in 1968. After it also India has built several PHWR power plants using this Canadian design.   

The benefit of the 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 could be reloaded 

online, which could help to achieve better availability. Typical light water reactors have a 

refueling outage that lasts from two to eight weeks, depending on the inspections.  

However, the higher investment costs compensate this benefit. The online loading also gives 

the operator the possibility to produce plutonium-239 for atomic weapons. Thus the reactor 

technology could only be given for the countries that can be counted on.  

Several Candu plants have been built in Canada. Also many plants in India are designed 

based on Candu concept. 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 (ACR-1000) is the new design of Candu reactors designed 

by the Atomic Energy of Canada Limited (AECL). The electrical output of the ACR-1000 

plant will be about 1200 MWe, depending on site conditions. It will improve safety through 

passive safety features. The reactor vault will be filled with light water to prevent the core 

meltdown. There are four vertical steam generators that produce steam for the secondary 

circuit using light water.    

 

2.7 Thorium breeder reactors 

Thorium was discovered in 1828 by the Swedish chemist Jöns Jacob Berzelius (1779-1848). 

He named the mineral after the ancient Nordic Thor, God of Thunder.  

Thorium-232 (Th-232) is not a fissionable material, but in a neutron radiation it can be 

converted into uranium-233, which is fissionable. In neutron radiation thorium-232 becomes 

thorium-233. Then after beta decay thorium-233 becomes protactinium (Pa-233), which again 

in beta decay becomes uranium (U-233). 
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2.7.1 Molten salt reactor 

The first thorium reactor was the Molten Salt Reactor Experiment (MSRE) in Oak Ridge 

in the 1960ôs. The MSRE plant had a 7.4 MWth test reactor that used molten salt uranium 

and plutonium fuels. The reactor used 
233

UF4 fluid fuel at temperature of 650 
o
C. At this 

temperature the heat could be also used in a gas turbine cycle. 

2.7.2 VHTR 

The MSRE plant had several benefits including abundant fuel (thorium), negative 

temperature coefficient (safety), fast response times and the small amount of long lifetime 

nuclear waste. It was not developed further at the time and the present development is 

concentrated on the Very High Temperature Reactor (VHTR), which is part of the 

Generation IV program. 

Thorium High Temperature Reactor (THTR -300) was built in Hamn-Uentrop  in years 

1970-83 by German Hochtemperatur Kernkraftwerk Gmbh. The reactor fuel was made of 

thorium-232 and uranium-235, which was packed in 670 000 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 of larger 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 Candu Reactors have also been designed for thorium utilization. China has 

signed a co-operation agreement with AECL to develop thorium utilization in Qinsan 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 (AHWR-300), which will use thorium fuel cycle. 

According to the data given by Atomic Energy Commission 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 
o
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 in Kudankulam. The thorium cycle could be open cycle, which 

generates less waste than ordinary uranium fuel cycle used in VVER reactors.  
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3. NUCLEAR PROGRAMS  

3.1 Big plans in the United States 

 

During the 1970s everyone thought that nuclear power would be a major source of the future 

energy. The US Atomic Energy Commission (AEC) forecasted that the US would need 

nuclear capacity of 2300 GWe by the year 2009 (Figure 3.1.1). Thus in average about 77 

GWe of new capacity should be built annually. 

During the best years of 1984 and 85 more than 30 GWe of new nuclear capacity was 

commissioned globally annually (Figure 3.1.2). A total of more than 400 GWe of nuclear 

capacity has been built. The US nuclear capacity is now only 100 GWe. 

 

Figure 3.1.1 In 1973 the US nuclear capacity was estimated to be 2300 GWe in 2010, but it 

was actually only 100 GWe 
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Figure 3.1.2 The nuclear capacity additions was the highest (30 000 MW) in 1984 and 

1985 

 

Figure 3.1.3 More than 400 000 MW of nuclear power capacity has been built, but the 

capacity of the operating plants is actually only 368 000 MW (May 2011) 
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The Tree Mile Island accident in 1979 stopped the US nuclear program completely. Several 

nuclear reactors were cancelled and no new reactors were ordered by the US since then. The 

public appetence was lost also in Sweden, which had a referendum in 1980 to stop building 

nuclear plants after 12 units will be in operation. These 12 units with eight million people 

corresponds 1.5 reactors per each million people. This was more than in any other country.   

Totally 411 GWe of nuclear capacity has been constructed, but the operating capacity is only 

368 GWe in 2011 (Figure 3.1.3) because 43 GWe of the old capacity has been shut down.  

 

3.2 Finnish nuclear program 

Nuclear power appeared in the text book of the Helsinki University of Technology (now 

called the Aalto University according to the famous Finnish architect Alvar Aalto) very soon 

after the atomic bombs in Japan. In ñPhysics for Universitiesò, by Professor Lennart 

Simons, the theory behind the atomic bomb was explained in the Finnish language already in 

1946.  

 

The first pioneers in nuclear plant promotion were the Nobel Prize laureate Artturi  Virtanen  

and academician Erkki Laurila , who was the first professor of nuclear physics in Helsinki 

University of Technology.  They established an Energy committee to make plans for 

electricity generation and nuclear power during the 50ôs. 

 

Very soon after the Geneva conference many countries started to look after nuclear 

technology. Finland established its Radiation Protection Agency in 1958. The first 

experimental Tri ga-reactor was then built in 1962. Until today, about 62 Triga-reactors have 

been built by General Atomics for experimental purposes.  

 

The design of the Triga-reactor is based on uranium zirconium hydride fuel, which is 

installed in a pool type water pressure vessel. The reactor has a negative temperature 

coefficient, which means that the output decreases if the temperature increases. Thus it is safe 

to install the reactor at the Otaniemi campus area of the Helsinki University of Technology. 

 

Nuclear energy started fascinating me personally after reading the Robert Junkgôs ñBrighter 

than a thousand sunsò, which was translated from German language to Finnish in 1957. The 

book explained the history of atomic science behind the atomic bombs. For me this was 

probably the most important experience behind deciding to enter into power engineering.   

 

Then in 1965 professor Eino Tunkelo taught Albert Einsteinôs theory of relativity of at the 

Helsinki University of Technology. After this course I was approved to study electrical 

engineering at the University, which had been my dream since childhood. Thus my first step 

to becoming a nuclear engineer had been taken.  
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The training jobs for me were mostly at the Neste Oil refinery, which was built between 

1965-69 under license from the engineering company Lummus. It was a fascinating project 

as Finland wanted to become independent of the big oil companies (ñsistersò) that dictated oil 

prices at the time.  

 

At the same time Finland wanted to build nuclear power plants, as the most of the hydro 

resources were taken for electricity generation. The first steps were taken by the state utility 

company Imatran Voima Oy (IVO) , which hired young professionals to study nuclear 

engineering. Among those engineers was MSci. (Eng.) Kalevi Numminen who became the 

project manager of the Atomic Power Project. The project was established to build the first 

Finnish nuclear plant at Loviisa site.  

 

The Loviisa Atomic Power Project was begun by signing the preliminary contract between 

IVO and the Russian Teknopromexport (TPE) in 1969. This covered the delivery and 

installation of a VVER-440 nuclear plant reactor and turbine process systems.  

 

The containment was ordered from Wärtsilä  under Westinghouse license. Wärtsilä was 

known for building cruise ships and icebreakers at the Helsinki and Turku shipyards and later 

for being the market leader in medium speed diesel engines for the ships and power plants. 

 

The process computers and the plant simulator were ordered from Oy Nokia Ab, which by 

the time had established a department of special electronics. The computer system designed 

was the most advanced of its time with eight cathode ray tube displays.  The displays show 

the process mimic diagrams and measured and calculated values for the plant operators.  

Nokia became well known for being the market leader in mobile phones twenty years later. 

 

The civil works were done by Finnish construction companies and the architect engineering 

by IVO. Additionally, Siemens delivered instrumentation and Valmet (todayôs Metso) 

thaefuel loading machine. Several hundred of other manufacturers were also involved. 

 

I joined the Atomic Power Project Group in July of 1970 in order to design a steam turbine 

simulator program for the Loviisa nuclear plant by using a hybrid computer at the State 

Research Center (VTT) in Espoo. Then in July 1971 the simulator program and the thesis 

were ready and I moved to the Ruoholahti office, where the engineering of the Loviisa plant 

was actually done. Among other things my responsibility was to design the conventional 

software algorithms for the process computer.  

 

My boss was Licentiate (Tech.) Heikki Väyrynen , who had been working with the Triga-

reactor for some time and was responsible for nuclear engineering and the process computers. 

Another important person to me was Licentiate (Tech.) Bjarne Regnell, who was said to be 

the first Finnish nuclear power engineer and was responsible for safety evaluations. He had 

been studying nuclear engineering in the US. 
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Figure 3.2.1 Starting up the Loviisa-1 nuclear plant President Urho Kekkonen and Prime 

Minister Aleksei Kosygin in 1977. One of the seven CRT-screens of the process computer 

system can be seen in the left front corner  

 

In the summer of 1971 the most important task was the preliminary safety report (PSAR), 

which had to be done and approved before the concrete works could be started.  The first 

versions of the PSAR were mostly copied from the Donald C. Cookôs PSAR that had the 

same type of Westinghouse ice-condenser containment as the Loviisa plant.  

The PSAR of the Loviisa plant was actually done by using white paper on which the English 

text from the reference report was glued on and then a pencil was used to add some relevant 

notes. My chapters in the report included the engineering safety features including all the 

emergency safety systems. These chapters described how the plant would behave during 

disturbances.   

At the age of 25 I was one of the youngest engineers in the atomic project group. However, at 

the time the computers were best known by young people much like today. The computers 

had arrived to the Helsinki University of Technology in the 60ôs during my student years and 

they included one IBM -1710 machine and two Donner analog computers in the electrical 

engineering department.  

Electronic Associates Inc. (EAI ) hybrid computer  was acquired at the Technical Research 

Centre (VTT) in 1970. The hybrid computer included a digital computer and an analog 
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computer that was much faster than any digital computer in the simulation of nuclear plants.  

My senior colleagues had hardly seen the computers during their student years. 

The engineers from the Russian side were generally older men, who had been working in 

building the first Soviet reactors after the war and they knew computers even less than the old 

Finnish engineers. Computers were used mostly in the business administration, but not in the 

process simulation or control.  

The cold war full on at the time. US computers or any computers that had US-made 

electronics could not be exported to the Soviet Union. IBM was ready to supply the process 

computers for the Loviisa plant and the US companies have supplied radars for the Finnish 

Army. Thus Finland was considered to be on the west side of the iron curtain. 

General Atomics had supplied the Triga reactor to Finland earlier. Westinghouse was also 

ready to sell nuclear power plants to Finland and their PWR reactor was preferred by the 

managers in IVO. However, the politicians decided that the first plant would come from the 

Soviet Union, which had built the VVER-type reactors in Novovoronesh. The second plant 

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 plans to build one 500 MWe nuclear reactor every year, but actually 

only four reactors were built during 1977-1981. The two VVER-440 units were ordered from 

the Soviet Union and two BWR units from Asea-Atom from Sweden. The nuclear capacity 

in Finland in 1981 was 2210 MWe or 400 W/capita and the nuclear electricity generation was 

3000 kWh/capita. By this time Finland had became one of the leading countries if counted in 

the nuclear power per capita (Figure 3.8.2).  

3.3 The slow-down after Chernobyl 

Operating nuclear power capacity in the world is now 368 000 MW (Table 3.3.1). The PWR 

and BWR plants now have 68% and 21% of nuclear capacity respectively. The heavy water 

reactors (PHWR) are located mainly in Canada and graphite moderated reactors in Russia 

and the United Kingdom. 

In 2009 the electricity generation by nuclear power was 2690 TWh, or 13.4% of all electricity 

(20 090 TWh). If this had been generated by using coal power plants the emissions would 

have been about 2190 million tons of CO2, even with the best available coal plants. The 

avoided emissions by using nuclear power are about 7% of the total CO2-emissions of energy 

industries. As a matter of fact nuclear power has the highest potential of any energy source to 

solve the global warming problem. 

Hydro power plants generated about 3272 TWh or 16% of the total electricity in 2009. Thus 

hydro and nuclear power generated about 30% of all electricity. Thus they cannot be omitted 

when the future is planned.  
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Table 3.3.1 Operating nuclear power plants according to countries and types (May 2011 

PRIS)  

 

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 and the Russian Federation with 27 000 MWe and 9100 

MWe additions (Table 3.3.2). Korea and India are adding 5500 MWe and 3500 MWe of new 

capacity.  

 

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 19 284           24 058        -                -                -          43 342           

4 Russian Federation 11 914           -                -                10 219        560        22 693           

5 Germany 14 804           5 686           -                -                -          20 490           

6 Korea 15 976           -                2 722           -                -          18 698           

7 Ukraine 13 107           -                -                -                -          13 107           

8 Canada -                  -                12 569        -                -          12 569           

9 China 9 758             -                1 300           -                -          11 058           

10 United Kingdom 1 188             -                -                8 949           -          10 137           

11 Sweden 2 795             6 503           -                -                -          9 298             

12 Spain 6 004             1 510           -                -                -          7 514             

13 Belgium 5 927             -                -                -                -          5 927             

14 India -                  300              4 091           -                -          4 391             

15 Czech Republic 3 678             -                -                -                -          3 678             

16 Switcherland 1 700             1 563           -                -                -          3 263             

17 Finland 976                1 740           -                -                -          2 716             

18 Bulgaria 1 906             -                -                -                -          1 906             

19 Hungary 1 889             -                -                -                -          1 889             

20 Brasil 1 884             -                -                -                -          1 884             

21 Slovakia 1 816             -                -                -                -          1 816             

22 South-Africa 1 800             -                -                -                -          1 800             

23 Mexico -                  1 300           -                -                -          1 300             

24 Romania -                  -                1 300           -                -          1 300             

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        23 042        19 168        560        368 351        

Distribution 67,6 % 20,8 % 6,3 % 5,2 % 0,2 % 100,0 %
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Table 3.3.2 Nuclear plants under construction according to countries in MWe (Source: IAEA, 

PRIS) 

 

 

Pressurized water reactors constitute 89% of the new capacity. The share of boiling water 

reactors is 4% and the share of pressurized heavy water reactors is 3% of the new capacity. 

Thus pressurized water reactors will be the market leader in the near future.  

 

Table 3.3.3 Market shares of pressurized water reactor plants under construction in MWe 

 

N:o Country PWR BWR PHWR Graphite FBR Total

1 China 27 230        -             -             -          -             27 230        

2 Russian Federation 7 434           -             -             915         804            9 153           

3 Korea 5 560           -             -             -          -             5 560           

4 India 1 834           -             1 260        -          470            3 564           

5 Japan -                2 650        -             -          -             2 650           

6 Bulgaria 1 906           -             -             -          -             1 906           

7 Ukaraine 1 900           -             -             -          -             1 900           

8 Finland 1 600           -             -             -          -             1 600           

9 France 1 600           -             -             -          -             1 600           

10 Brasil 1 245           -             -             -          -             1 245           

11 United States 1 165           -             -             -          -             1 165           

12 Iran 915              -             -             -          -             915              

13 Slovakia 782              -             -             -          -             782              

14 Argentina -                -             692            -          -             692              

Total 53 171        2 650        1 952        915         1 274        59 962        

Distribution 88,7 % 4,4 % 3,3 % 1,5 % 2,1 % 100,0 %

N:o Country CNP-1000 VVER-1000 EPR APR-1400 AP-1000 Others Total

1 China 20 000     3 400        2 000        1 830        27 230     

2 Russian Federation 7 434        7 434        

3 Korea 5 560        5 560        

4 India 1 834        1 834        

5 Bulgaria 1 906        1 906        

6 Ukaraine 1 900        1 900        

7 Finland 1 600        1 600        

8 France 1 600        1 600        

9 Brasil 1 245        1 245        

10 United States 1 165        1 165        

11 Iran 915           915           

12 Slovakia 782           782           

Total 20 000     13 074     6 600        5 560        2 000        5 937        53 171     

Distribution 37,6 % 24,6 % 12,4 % 10,5 % 3,8 % 11,2 % 100,0 %

Export market 5 640        5 000        2 000        2 942        15 582     

Distribution 36,2 % 32,1 % 12,8 % 18,9 % 100,0 %
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The Chinese CNP has the largest market share (38%) of the PWR plants that are under 

construction (Table 3.3.3). The Russian VVER-1000 has a 25% market share, EPR 25% and 

the Korean APR-1400 a 10% share.  

In the exports market VVER-1000 plants are the leaders with a 36% market share of the 

plants under construction. The French EPR is the second with a 32% share. The Toshiba 

Westinghouse AP1000 is the third with a 13% share. Additionally, Korean vendors have sold 

the four APR1400 unit plant to the United Arab Emirates, but the plant is not in construction 

phase. 

  

3.4 The Chinese program 

Electricity consumption in China has been increasing very fast after the year 2000 (Figure 

3.4.1). The consumption is now growing by 270 TWh annually. This has been almost 50% of 

the growth of the world electricity consumption. Thus about 500 GWe of new electrical 

capacity additions has been needed in China during the last ten years, i.e. 50 GWe annually.  

 

 

 
 

Figure 3.4.1 The growth of electricity consumption in China has been 270 TWh annually 

 

The nuclear capacity in China has been growing by only 1500 MW during 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 global CO2-emissions. 
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Although China has boomed quite late in its nuclear development, they now have the most 

ambitious nuclear program, if counted by the number of reactors under construction. There 

are now 27 nuclear power units under construction in China with a total capacity of 27.2 

GWe (Table 3.4.1). The total capacity of the new CNP-1000 plants is 20 000 MW, the EPR 

plants 3400 MW, the AP1000 plants 2000 MW and the CNP-600 plants 1830 MW. This 

totals about 40% of all new nuclear power plants under construction in the world. 

Table 3.4.1 New nuclear plants under construction in Megawatts in China (Source IAEA. 

PRIS) 

 
 

China has now only 11 GWe of nuclear capacity in operation and the plants generate about 

80 TWh of nuclear electricity. In 2015, after the new plants will be in operation, the capacity 

will be 38 GWe and the nuclear power plants will generate about 300 TWh of electricity. 

This is, however, less than 10% of the electricity generation in China.   

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

CHANGJIANG 1 610            610              

CHANGJIANG 2 610            610              

FANGCHENGGANG 1 1 000           1 000           

FANGCHENGGANG 2 1 000           1 000           

FANGJIASHAN 1 1 000           1 000           

FANGJIASHAN 2 1 000           1 000           

FUQING 1 1 000           1 000           

FUQING 2 1 000           1 000           

FUQING 3 1 000           1 000           

HAIYANG 1 1 000           1 000           

HAIYANG 2 1 000           1 000           

HONGYANHE 1 1 000           1 000           

HONGYANHE 2 1 000           1 000           

HONGYANHE 3 1 000           1 000           

HONGYANHE 4 1 000           1 000           

NINGDE 1 1 000           1 000           

NINGDE 2 1 000           1 000           

NINGDE 3 1 000           1 000           

NINGDE 4 1 000           1 000           

QINSHAN 2-4 610            610              

SANMEN 1 1 000        1 000           

SANMEN 2 1 000        1 000           

TAISHAN 1 1 700        1 700           

TAISHAN 2 1 700        1 700           

YANGJIANG 1 1 000           1 000           

YANGJIANG 2 1 000           1 000           

YANGJIANG 3 1 000           1 000           

Total 27 1 830        20 000        2 000        3 400        27 230        
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China has been the first country building a core catcher in Tianwan-1 and -2. China will be 

leading the way in the construction of the first passive plant AP1000, which uses 

Westinghouse PWR technology in Sanmen-1 and -2 units. There are also new gas cooled 

reactors under development and the future will show if these will be built. 

Despite the fast development of the nuclear business China is building more coal fired plants 

than any other country. Thus the new coal plants will increase the CO2-emissions much more 

than the EU countries are reducing them. Thus it is of utmost importance that China would 

change its energy policy from coal to renewable sources and nuclear power as fast as 

possible.  

3.5 The Russian program 

After the year 1990 the electricity consumption in Russia has been decreasing. In 1999 it has 

started to rise again and in the winter of 2009/10 new records peak loads in Russian 

Federation and also in Russian North West power systems were achieved. The electricity 

consumption has been growing continuously especially in large cities such as Moscow and 

Saint Petersburg.   

 

The electricity consumption is growing now at the rate of 18 TWh annually (Figure 3.5.1). 

Thus about 4000 MW of new capacity will be needed each year. Russia has also a large 

program to build gas fired CHP plants in their biggest cities. Because the most cities have a 

district heating network they could be independent of the outside power, as the city of 

Helsinki already is today. 

 

 
 

Figure 3.5.1 Electricity consumption Russia is increasing by 18 TWh annually 
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Today, Russia has the second largest nuclear program after China. It has eleven nuclear 

plants and 7370 MWe of capacity under construction (Table 3.5.1). 

 

 

Table 3.5.1 Nuclear plant under construction in Russia (Source IAEA, PRIS) 

 

 
 

 

Most of the Russian plants (7370 MW) are of VVER-1000 type, four loop pressurized water 

reactors. A similar plant was constructed in Tianwan in China. It used the basic design that 

was originally planned for the Loviisa-3 site by IVO Engineering. 

 

Because of the lack of large uranium resources Russia is also developing fast breeder 

reactors. The Beloyarsky-4 plant is the one of the very few fast reactors under construction in 

the world. It will have a pool type liquid metal fast breeder reactor (LMFBR) that uses 

sodium as the cooling media. 

 

There are also two floating nuclear plants named the Academic Lomonosov under 

construction. The name of the plant comes from the Russian scientist and Academic Mik hail 

Lomonosov (1711-1765). The first plant was launched in St Petersburg in the summer of 

2010. 

 

3.6 The Korean nuclear program 

 

Electricity consumption in South Korea is increasing constantly as the country is becoming 

industrialized.  The growth rate has been 19 TWh annually (Figure 3.6.1) and the country 

needs about 4000 MW of new capacity each year.   

 

Name of the plant VVER-1000 RBMK FBR Other Total

AKADEMIK LOMONOSOV 1 32            32            

AKADEMIK LOMONOSOV 2 32            32            

BELOYARSKY-4 (BN-800) 804          804          

KALININ-4 950          950          

KURSK-5 915          915          

LENINGRAD 2-1 1 085       1 085       

LENINGRAD 2-2 1 085       1 085       

NOVOVORONEZH 2-1 1 114       1 114       

NOVOVORONEZH 2-2 1 114       1 114       

ROSTOV-3 1 011       1 011       

ROSTOV-4 1 011       1 011       

Total 11 7 370       915          804          64            9 153       
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Figure 3.6.1 Electricity consumption is growing by 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 other power plants will also be needed. 

 

During the last four years the construction of five new nuclear units has been initiated:  

2007 Shin Kori-2, Shin Wolsong-1 (960 MW PWR) 

2008 Shin Kori-3 (1340 MW APR1400), Shin Wolsung-2 (960 MW PWR) 

2009  Shin Kori-4 (1340 MW APR1400) 

 

Shin Kori-3 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 the United Arab Emirates.  

 

3.7 The Indian nuclear program 

Indian electricity consumption has been growing by 36 TWh each year (Figure 3.7.1). Thus 

about 7000 MWe of new power capacity will be needed annually. By 2020 about 70 GWe of 

new capacity is needed to cover the growth, but additional capacity is needed to cover the 

present deficit in capacity. 
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Figure 3.7.1 Electricity 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 VVER-1000 plants, two heavy water 

reactor plants (PHWR) and one breeder reactor. All of the plants are planned to use Indiaôs 

huge thorium resources. 

 

Table 3.7.1 Indian nuclear plants under construction in MWe 
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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 1 834        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 consumption in the EU (16 

MWh/capita). Electricity consumption is still growing in Finland but is not following the 

earlier trend (Figure 3.8.1).  The present forecast for the year 2020 is 98 TWh and the specific 

consumption will be 18 MWh/capita.  

 

Figure 3.8.1 Forecast of electricity consumption in Finland will be 98 TWh in 2020 

 

The main reason for the slow down of the consumption is the Finnish industry, which has 

been building its new factories in China and South Korea. At the same time several paper 

mills have been decommissioned in Finland.  

Most nuclear programs in the West were ceased after Chernobyl in 1986. However, the first 

new nuclear plant in the EU after Chernobyl will be commissioned in Finland. The decision 

to build a new nuclear plant in Finland was made in 2003 by the Finnish Parliament. The 

construction of a new 1600 MW EPR nuclear plant in Olkiluoto was started in 2006 and the 

plant should be connected into the grid in 2013.  

 

The decision in principle was made in the parliament in 2010 to build additional two new 

plants by 2020. The 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 generation per capita Finland was in the second place after Sweden, which 

generated 4500 kWh/capita using nuclear power in 1981 (Figure 3.8.2). The highest nuclear 

generation per capita will be in France, Finland and Sweden in 2015. They will all generate 

about 6000 kWh nuclear power per capita.  

 

 

Figure 3.8.2 Nuclear generation per capita in the three leading countries. Finland will have 

the highest nuclear generation per capita (10 000 kWh/capita) after the two planned units 

will be in operation in 2020 

Finland now has two nuclear plants in the planning stage. One will be the Olkiluoto -4 

(TVO), but the site of the other plant (Fennovoima) has not been determined. In 2020 the 

Finnish nuclear capacity will be about 7000 MW. The electricity generation by nuclear plants 

will be about 55 TWh or 10 000 kWh/capita after the planned two reactors Fin-6 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 follow the Finnish specifications, which have 

been designed for core meltdown and the possible crash of a jumbo airplane. The core catcher 

was first proposed by STUK in 1984 at NEA meeting. The meeting was attended by the 

former general director of STUK, Antti Vuorin en and the present general director, Jukka 

Laaksonen, who was the key person in responsible for reactor safety matters.  

 

In the beginning of Olkiluoto-3 project in 2003 also aircraft crash had to be taken into 

account because of the September 11, 2001 terrorist attack in the US. 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 organization, which is led by the 

present general director of STUK, Jukka Laaksonen. It 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 that had the core catcher was built in the Tianwan plant in 

China. Actually the Tianwan-type plant in China was planned in Finland for the Loviisa-3 

site by IVO Engineering, in which MSci (Eng.) Tapani Kukkola  and myself were the chief 

design engineers during the years 1976-86 before Chernobyl. Then the Chinese utilities 

ordered two same type VVER-91 units. They were designed by Kukkolaôs team and 

connected into grid in 2006 and 2007. 

 

Finland was the first country in the world that has decided where to put the high level waste 

from the nuclear power plants. Today the nuclear waste geologic repository plant 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 be encapsuled and buried into the rock about 400 meters below the 

sea level.  

 

The two main reasons to build these new nuclear units are: 1) to become independent of 

outside electricity and 2) to cut CO2-emissions by 20-30% from the 1990 level by 2020. The 

CO2-emissions in Finland in 1990 were 70 million tons. Thus the maximum emissions should 

be 50-56 million tons by 2020.  

The power generation forecast for Finland in 2020 is given in Table 3.8.1. The electricity 

consumption in 2020 will be about 98 TWh and the CO2-emissions from electricity 

generation will be 5 Mt. Thus the specific emissions will be then about 50 gCO2/kWh. It will 

be feasible to replace oil with electricity in the heating and transport sectors as oil has a 

higher CO2 content (250 gCO2/kWh) than electricity. 

The fossil and biomass fuels have been left for combined heat and power (CHP) plants only. 

Other generation will be made by using CO2-free technologies. CHP-generation will be 23.4 

TWh in 2020. The Finnish CO2-emissions will then mainly come from the six largest cities, 

which have fossil or peat fired CHP-plants.  

It is possible to increase the nuclear share even to higher than 60%, but then the nuclear plant 

should be designed as a CHP-plant. Actually, the owner of the Loviisa nuclear plant, Fortum, 

has proposed to build the next nuclear unit at the Loviisa site as a CHP-plant and to build a 

80 km district heating pipeline to the Helsinki area. The pipeline could transfer 1000-1200 

MW of heat to Helsinki and replace the old coal fired plants in the city. 

The discussions between the city of Helsinki and Fortum have been in progress for 30 years, 

but no agreement has been reached. The CO2-emissions of the Helsinki area power plants are 

about 6 million tons of CO2 and they are the biggest emission source in Finland.  
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Table 3.8.1 Electricity generation in Finland in 2020 

 

However, Fortum did not get the permission to build the Loviisa-3 plant, while the two other 

applicants got the permission from the Finnish Parliament in 2010. It is now quite obvious 

that the Loviisa-3 plant will be constructed before 2030, when the Loviisa-1 and -2 will be 

decommissioned.  

If the Loviisa-3 plant will be built before 2030 with the district heating pipeline, then it will 

replace the coal and gas plants in the Helsinki area. The CO2-emissions will be reduced by an 

additional four million tons. Thus the reduction in CO2-emissions would be more than 50% 

from the levels in 1990.  The two biggest sources of CO2-emissions will then be peat and 

natural gas. The CO2-emissions would be about five million tons and the specific emissions 

about 40-50 gCO2/kWh of electricity. 
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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 1,5 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 4,9

Change from 1990 41 % 57 % 23 % -51 %

CO2-content (g/kWh) 194 160 50

http://www.iaea.org/programmes/a2/
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4 CLIMATE CHANGE 

4.1 Temperature history 

The temperature of the atmosphere has been changing very much during the life on earth. The 

main cause of the past changes was solar radiation, which is changing constantly according to 

the movement of the earth. The changes in solar radiation are called as the Milankovitch 

cycles, after Serbian mathematician Milutin Milankovic  (1879-1958), who could calculate 

solar radiation changes caused by the changes in the earth orbit and rotation.  

He found that solar radiation changes come from precession (19 000 years), obliquity (41 000 

year) and eccentricity (95 000 years) of earth orbits.  Sun is a nuclear fusion reactor which is 

emitting radiation and amount of radiation depends on three factors: How far the earth is 

from the sun, the angle of the earth and intensity the radiation.  

These changes have caused the ice ages. The net effect of earth orbital changes has been 

estimated by M.F.Loutre  and A. Berger in Figure 4.1.1 for the last 200 000 years and 

forecasted for the next 130 000 years. According to the figure solar insolation has had a last 

peak about 10 000 years ago is now increasing until the next drop will come about 60 000 

years after present (AP). 

 

Figure 4.1.1 Changes in solar mid month insolation at 65N in June (Source: Future Climate 

Changes. Kluvert Academic Publications 2000)  
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Figure 4.1.2 Temperature history during Holocene period or during the last 12 000 years 

(Source IPCC) 

 

The present warm period started about 11 500 years ago and the ice above the Nordic 

countries smelted. It has been called as Holocene period (Figure 4.1.2). Thus the living in 

Finland became possible and our first ancestors moved to Finland at about 10 000 BP. The 

global warming by this time was a start of life in these higher latitudes from 60 
o
N to 70 

o
N. 

The warmest period was about 8000-5000 years ago (BP) in the middle of Holocene period. 

The temperature in Finland was about 2.5 
o
C higher than today. Some southern trees (hazel) 

were growing in south part of Finland by this time and also northern mountain tops had trees. 

Today the trees and hazels have disappeared because of colder climate. If the climate will 

become 2.5 
o
C warmer in the future, the trees could come here again. 

Then temperature cooled again and during 1690-95 about 30 % of Finnish population starved 

because of three consecutive summers with frost. During those years so called ñlittle ice ageò 

was covering the whole Europe. In the winter 1695 the army troops of Swedish king Karl X 

occupied Denmark and Copenhagen by riding with his Swedish-Finnish troops on the ice to 

Denmark.   

The second cold period was in 1865-8 when about 10 % of the Finnish population 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 decease called as tyfus spread and killed several. Thus here in 

northern latitudes the climate change has had also positive side. 

The explanation of these cold periods in 1690 BC and 1860 BC can be found in changes is 

solar radiation (Figure 4.1.3), which has had typically 11, 22, 88 and 208 year periods. The 

changes sunspots are caused by the changes in magnetic fields in sun. 

 

Figure 4.1.3 Variation of solar spots during last 400 years (j. Beer et al. 1999) 

 

Figure 4.1.4 Number of sunspots after year 1800 (Source: Wm Robert Jonston, 2008) 
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The sunspots can explain also more recent cold periods. The average number of sunspots was 

20 during the famine years 1866-68 in Finland (Figure 4.1.4). The ten year average number 

of sunspots started to increase after 1900. This may also explain the global warming in one 

hundred year time scale. 

The warmer period after 1900 has been noticed by annual average temperature measurements 

by The Finnish Meteorological Institute in Sodankylä (Figure 4.1.5 and 4.1.6)).   

 

Figure 4.1.5 The 109 year trend of ten year average temperature measurements in 

Sodankylä indicates a 0.6 
o
C increase in 100 years 

 

Figure 4.1.6 Temperature measurements in Sodankylä (67
o 
N), Finland 
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Long term trend from the measurements shows that the average annual temperature has been 

increasing by 0.6 
o
C in 100 years. The temperature is increasing at the rate of 0.06 

o
C/decade. 

If the same trend continues the temperature will be 0.6 
o
C higher in 2100 than in the year 

2000. 

The measurement in Sodankylä is one of the only measurements made in Finland which has 

no effect of the population density or so called ñcity effectò. The site is in the middle of 

Lapland far from the coast line.  There are also many city measurements recorded, but these 

are not reliable because of the ambient temperature level is affected by aerosols generated by 

the traffic and heating of the houses.  

The measurements in the middle city of Helsinki (Kaisaniemi 60
o
N) show 1.4 

o
C increase in 

temperature in hundred years (Figure 4.1.7). Measurements 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 other places. Additionally, the Helsinki is near the sea, 

which causes more clouds and rain than places far from the sea.     

 

Figure 4.1.7 The 180 year trend of ten year average temperature measurements in the middle 

of Helsinki (Kaisaniemi) indicate trend of 1.4 
o
C increase of temperature in 100 years 

 

The 30 year average temperatures from the years 1901-1930 to the years 1971-2000 from 

four sites; Sodankylä, Oulu, Joensuu and Helsinki, have been measured by the Finnish 

Meteorological Institute. They show that the annual average temperature has increased by 

0.14 
o
C in Joensuu, by 0.46 

o
C in Sodankylä, by 0.57 

o
C in Oulu and by 1.04 

o
C in Helsinki 

(Figure 4.1.8).  
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Figure 4.1.8 Changes in the 30 year average temperatures in four sites in Finland (
o
C) 

If the cities with the highest (Helsinki) and lowest (Joensuu) changes are omitted, then the 70 

year average temperature increase of the two remaining sites is 0.52 
o
C, which corresponds to 

an increase of 0.74 
o
C during 100 years.  

In Sodankylä the highest annual average temperature (+2.5 
o
C) so far was measured in the 

year 1938, when also the ten year average was the highest (+0.2 
o
C) (Figure 4.1.6). The ten 

year average temperature curve has had an N-shape during the last 100 years. The 

temperature in Sodankylä increased for 28 years from -1.0 to 0.2 
o
C up to the year 1938. 

Then it started to decrease reaching -1.6 
o
C in 1987. Thereafter the ten year average 

temperature has again risen to 0.4 
o
C in 2010. 

The measurements made in the US also indicate N-shape over the last hundred years. The 

temperature rose in the US by 0.7 
o
C from 1910 to 1940 and cooled down by 0.6 

o
C from 

1940 to 1975, back to 11 
o
C. From 1975 to 2003 the temperature has again risen by 0.6 

o
C 

(source: http://www.ncdc.noaa.gov). 

The measurement from Sodankylä shows the same shape as the studies made by Beer et al. 

ñRole of Sun in Climate Forcingò in 2000. They evaluated that the temperature has risen in 

the Northern Hemisphere from -0.3 
o
C in 1850 to +0.4 

o
C in 1980 (Figure 4.1.9). The 

increase corresponds to 0.7 
o
C/130 years or to 0.53 

o
C over a hundred years. According to 

their studies more than half of the increase of the temperature has been caused by changes in 

solar radiation. However, anthropogenic (man-made) reasons have been increasing 

constantly, which might refer to greenhouse gases.   
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Figure 4.1.9 Temperature increase in the Northern Hemisphere (Beer et. al) 

 

4.2 Aerosols 

There are factors in the atmosphere that cause cooling. Aerosols are small particles of solid or 

liquid matter, emitted by industries, power plants and cars. Aerosols can influence the 

formation of clouds as water in the air will concentrate on the surface of aerosols and cause 

the formation of small water droplets. 

The earth has had cold periods several times in the past. One example of cooling was found 

from 65 million years ago, when the dinosaurs disappeared. The scientists have discovered 

that a gigantic asteroid slammed into earth in Mexicoôs Yucatan peninsula. This caused huge 

clouds of dust into the air, which caused a temperature decrease of some 5-10 
o
C. The cooling 

caused the earthôs surface becoming filled with snow and ice. Dinosaurs could not find 

enough food to survive. 

The aerosol emissions started to grow after World War II (Figure 4.2.1), when the automobile 

industry really started to produce new cars and utilities started to build new coal fired power 

plants.  
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Figure 4.2.1 Aerosol emissions (Mt/a) according to three 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 noticed by nuclear war studies. It was feared 

during the cold war period that a nuclear war will cause ña nuclear winterò, which would last 

for several years. As a matter of fact some studies find that a nuclear winter would have 

larger consequences for human life than the radiation caused by the explosions.  

According to recent studies (Alan Robock et al 2007) a nuclear war could cause 150 Mt of 

smoke emitted into the atmosphere, which could reduce solar radiation with 100 W/m
2
 during 

the first year and 20 W/m
2
 after ten years. This can be compared to the Pinatubo volcanic 

eruption in 1991, which caused a 3.5 W/m
2
 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 war. Thus we have built nuclear shelters for the whole population, but there is 

no protection against a possible nuclear winter, which could cause disturbance in food 

production and famine as during the cold years of 1695-6 and 1865-7, or 65 million years 

ago, when dinosaurs disappeared.  

However, the IPCC has not evaluated what is the real net effect of aerosols on cooling. 

Aerosols may explain the N-shape of the temperature curve. If aerosol emissions will be 

reducing, this would mean that the heating effect of carbon dioxide will become even larger 

in the future.  
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During the 70ôs some scientists were forecasting that the Golf stream could cause another ice 

age. The change in the Golf stream occurred in about 9000 BP, and the smelting of ice 

stopped for about 250 years and caused large sand mountains in Finland.  For us, the Finns, a 

new ice age would be the end of all life in our country. The ice age has been forecasted to 

come here within sixty thousand years from now, because the earth is changing its angle so 

that the winter will be longer in the north (Figure 4.1.1). 

Now scientists are warning that the ice in Greenland will disappear and the sea level could 

rise by six meters. The sea level raise could end the life in many of the islands which are 

located near the sea level. The land is rising in Finland at the rate of 2-7 mm/year thus this 

will compensate the sea level rise, which has been 1-3 mm/year. However, in other parts of 

the world the seawater rise is a real treat. 

The biggest problem of global warming could be caused by land drying near the equator and 

thus causing famine in many countries. Thus global temperature changes will in any case 

cause problems in food supply in the north and south.  

There is an optimum temperature for the earth, which would minimize hazards to nature and 

mankind. For the Northern countries this would be higher than today. For the countries near 

the equator it would be lower than today.  

However, because of the CO2-emissions the IPCC estimates that global temperature will be 2 

- 5 
o
C higher in the year 2200 than in prehistorial times. This could be the same level that the 

Nordic countries experienced in 8000 years ago. The last discussions of the UN Climate 

Change talks in Cancún in 2010 concluded that we should limit the average temperature rise 

of the world to 2 
o
C. 

4.3 The influence of CO2 

The theory behind man made warming of the atmosphere was explained by a Swedish 

chemist, Svante Arrhenius (1859-1927). In 1896 he made the article ñOn the influence of 

Carbon Acid in the Air upon the temperature in the Groundò in the Philosophical Magazine, 

where he described that the temperature on the ground is dependent of the CO2-concentration 

in the atmosphere. He estimated that the temperature will rise by 5-6 
o
C if the CO2-

concentration would double.  

An American astronomer, Samuel Langley (1834-1906), published infrared tables in 1890, 

which he had constructed by measuring the infrared radiation of the moon during the sunrise 

in Colorado, USA. He also measured how much energy the sun was emitting.  In 1878 he 

developed a new instrument, the bolometer, which was able to measure the energy of 

electromagnetic radiation. He became famous for building the first steam engine powered 

unmanned airplane in 1891, which flew about one kilometer before running out of fuel. 

Based on Langleyôs infrared radiation tables Arrhenius concluded that infrared radiation is 

dependent on the CO2-content of the atmosphere. He deducted that the infrared radiation 
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from the earth should behave the same way.  If the CO2-concentration in the atmosphere will 

rise then radiation cannot escape from the earth and the temperature will rise.  

The CO2-concentration of the atmosphere was measured in 1958 by an American scientist 

Charles Darwin Keeling (1928-2005), who did his first measurements of 314 ppm (parts per 

million) in Hawaij at Mauna Loa. The concentration is now 390 ppm, i.e. 76 ppm higher than 

fifty years ago (Figure 4.3.1). 

   

 

Figure 4.3.1 Measured CO2-concentration at Mauna Loa (NOAA) 

 

The concentration is now increasing at the rate of 2 ppm/during the last ten years. If the same 

trend continues the concentration will reach 470 ppm by 2050 and 570 ppm by 2100 (Figure 

4.3.2). 

The CO2-concentration has risen from 280 ppm during the preindustrial times to 383.7 ppm 

in 2007. The cumulative global CO2-emissions from fossil fuels have been about 1237 Gt by 

2007 (cdiac-ornl.gov/trend/emis/tre_glob.html). About 750 Gt (61%) of the emissions have 

remained into the atmosphere. 
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Figure 4.3.2 The CO2-concentration will increase to 570 ppm in 2100 according to the 10 

year trend line 

 

4.4 CO2-emissions 

The CO2-emissions are now very well known from the energy sector, which includes power 

and heat generation and transportation (bp.com). The CO2-emissions were 22 Gt (Gigatons or 

billion tons) in 1990 and 31 Gt in 2009 (Figure 4.4.1). The CO2-emissions were rising with 

the rate of 3.8 %/a until the second energy crises in 1979. Thereafter the emissions have been 

increasing with 1.5 % annually.  

One of reasons for the change in the CO2-emission trend in the 80ôs have been nuclear power 

investments, which have reduced the need for fossil fuels in power generation. However, the 

growth in nuclear investments has declined after 1986, when Chernobyl stopped many new 

nuclear projects.  

The cumulative emissions from 1990 are now 500 Gt (Figure 4.4.2). The increase of CO2-

concentration in Mauna Loa since 1990 (Figure 4.4.3) follows the trend of the cumulative 

CO2-emissions. If the increase in the concentration is presented as a function of cumulative 

emissions, the match is quite perfect (Figure 4.4.4).  

After 1990 the cumulative emissions have increased by 500 Gt and the concentration of CO2 

in the atmosphere with 34 ppm during the same time period. If this correlation is valid, then 6 

x 500 Gt (3000 Gt) of cumulative emissions will cause 6 x 34 ppm (200 ppm) increase in the 

concentration (Figure 4.4.5). Thus the concentration will then be 354 ppm+200 ppm or 554 

ppm. This is about two times the preindustrial level of 280 ppm. 
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Figure 4.4.1 The CO2-emissions of the energy sector (Source BP 2010) 

 

 

Figure 4.4.2 The cumulative CO2-emissions after 1990 
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Figure 4.4.3 Increase in the concentration since 1990 

 

 

Figure 4.4.4 The increase of the concentration at Mauna Loa and cumulative emissions since 

1990 
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Figure 4.4.5 The forecasted CO2-concentration will increase by 200 ppm if the cumulative 

emissions will  reach 3000 Gt 

 

 

Figure 4.4.6 The critical 560 ppm level will be exceeded if the cumulative emissions 

will reach 3000 Gt. The target level of 450 ppm will be exceeded at 1500 Gt 

 

0

50

100

150

200

250

0 500 1000 1500 2000 2500 3000 3500 4000

p
p
m

Cumulative emissions from 1990 (Gt)

Increase of CO2-concentration since 1990
at Mauna Loa

Measured

Trend

300

350

400

450

500

550

600

650

0 500 1000 1500 2000 2500 3000 3500 4000

p
p

m

Cumulative emissions from 1990 (Gt)

CO2-concentration trend
at Mauna Loa



 

 
 

87 

 

 

Figure 4.4.7 The cumulative emissions will grow to 2800 Gt in the year 2100 according to 

the current trend 

The CO2-concentration in Mauna Loa was 354 ppm in 1990 and 388 ppm in 2009. The 

increase in the concentration after 1990 has been 34 ppm with 500 Gt CO2-emissions.  The 

critical level of concentration has been said to be two times the preindustrial level of 280 

ppm. This level of 560 ppm will be achieved if the cumulative emissions exceed 3000 Gt 

(Figure 4.4.6). Trend in the cumulative emissions shows that the emissions will reach 2800 

Mt by 2100 (Figure 4.4.7).  

 

4.5 The emission targets for fossil fuels 

4.5.1 Cumulative emission targets 

According to historic data (Carbon dioxide Information Center. ornl.gov) the global 

emissions of the energy industry have been 10.3 Gt of carbon by the year 1900 and 173.5 Gt 

by 1970. Global emissions have been about 180 Gt of carbon (661 Gt of CO2) during the 

years 1901-1985.  

The thirty year average temperatures in Finland from 1901-30 to 1970-2000 show a 

temperature increase of 0.52 
o
C during seventy years time (Chapter 4.1). If we assume the 

other things have stayed the same, then the 661 Gt emissions have caused a 0.52 
o
C change in 

the temperature (0.79 
o
C/1000 GtCO2).   
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The UN climate negotiations in Cancún have given a common target to limit the temperature 

change to 2 
o
C from preindustrial times. Then this 2 

o
C change will be reached, when the 

cumulative emissions will be 2/0.79 x 1000 Gt, or 2530 Gt.  

In the article of Nature /4.3/ Myles R. Allen et. al estimated that 1 trillion tons of carbon 

(3670 GtCO2) emissions can cause a global temperature increase of 2 
o
C. The sensitivity of 

emissions to the global temperature would be 2 
o
C/3670 Gt, or 0.54 

o
C/1000 Gt. This 

sensitivity estimate is lower than the 0.79 
o
C/1000 Gt evaluated by the author. 

Because 1357 GtCO2 emissions have released by mankind until 2010, then the maximum 

emissions after 2010 are 2530-1357 Gt or 1173 GtCO2 according my estimates. If this is 

divided evenly for years from 2011 to 2100 annual emissions can be 13 GtCO2 per year in 

average. Myles R. Allen estimates the maximum emissions after 2010 would be 3670-1357 

Gt, or 2313 Gt. This would be 26 GtCO2 per year. 

In theory the 1173 Gt emissions can be achieved by reducing the emissions from 30 Gt in 

2009 linearly by 0.42 Gt each year. Then the annual emissions would be zero in the year 

2083. Because 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 plants. Thus several targets will be needed. 

4.5.2 Targets for energy industries 

Mankind cannot change its behavior in one year, thus I am proposing targets for years 2050 

and 2100. By 2050 the maximum CO2-emissions should not exceed the 1990 level (20 

GtCO2). If the population forecast is 9.15 billion (Table 4.5.1), the maximum CO2-emissions 

should be 2.2 tons per capita. The reduction in 40 years from 30 Gt to 20 Gt would mean 1 % 

reduction each year. 

The emissions by 2100 should be 80% lower than in 1990, or 4 Gt. The reduction would be 

then from 20 Gt to 4 Gt or 3% per year. With 9 billion people the emission level in the 

individual countries should not exceed 0.45 tons per capita in 2100. Thus the reduction 

needed in North America and Japan should be 97%, in Europe 95% and China 93% from the 

2009 level.  

In my opinion the emission targets of the individual countries should be developed on a per 

capita basis. The forecast indicate that the population level will be stabilized at the 9 billion 

level by 2100 (Table 4.5.1). There will be two targets for the years 2050 and 2100: 

 

EMISSION TARGETS  FOR ENERGY INDUSTRY 

1) 2050 less than 2.2 tCO2/capita,  

2) 2100 less than 0.45 tCO2/capita 
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The reductions needed by the countries depend on the present levels (Table 4.5.2). The 

highest reductions are needed in North America (85%), Japan (82%) and European Union 

(73%). The reductions needed in China should be 58%. Africa and India can increase their 

emissions without reaching the limit of 2.2 tons per capita. 

 

Table 4.5.1 Population forecast to 2100 

 

 

 

Figure 4.5.1 The worldôs population forecast 

 

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             1 931          2 238          

China 1 156          1 346          1 417          1 189          

India 849             1 198          1 614          1 458          

Rest of Asia Pacific 739             1 120          1 670          1 574          

Total 5 280          6 799          9 150          9 000          
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Table 4.5.2 CO2-emission targets for the energy industry (2.2 tCO2/capita in 2050 and 0.45 

tCO2/capita in 2100) 

 

 

4.6 The emission targets for electricity generation in 2050 

 

Power generation caused 10.6 Gt of the CO2-emissions in 2009. This was 34 % of all 

emissions caused by the energy industry. The worldôs electricity generation was 20 090 TWh 

and the specific emissions were 526 gCO2/kWh (Table 4.6.1). 

 

Table 4.6.1 The specific emissions of electricity generation in gCO2/kWh 

 

CO2-emissions     Emission history          Emission target   Reduction from 2009

of energy industry 1990 2009 2050 2100 2050 2100

Mt Mt Mt Mt % %

North America 5 968 6 545       996 226            -85 % -97 %

European Union 4 479 4 066       1 111 192            -73 % -95 %

Other Europe 4 171 2 784       856 136            -69 % -95 %

Japan 1 163 1 222       226 32             -82 % -97 %

Latin America 984 1 596       1 621 328            2 % -79 %

Middle East 734 1 799       787 235            -56 % -87 %

Africa 690 1 066       4 291 1 011         302 % -5 %

China 2 477 7 518       3 149 537            -58 % -93 %

India 581 1 539       3 587 659            133 % -57 %

Rest of Asia Pacific 1 427 2 994       3 712 711            24 % -76 %

Total 20 336 31 130     20 336 4 068         -35 % -87 %

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 targets have been calculated for 2050 (Table 4.6.2) by assuming the same 

reductions in power generation as for the other energy sectors. The target emissions in 2050 

should be 6.3 Gt per year, or 690 kgCO2/capita and 1.25 Gt per year or 140 kgCO2/capita in 

2100. 

EMISSION TARGETS  FOR ELECTRICITY GENERATION  

1) 2050 less than 690 kg CO2/capita,  

2) 2100 less than 140 kgCO2/capita 

 

Table 4.6.2 CO2-emission targets for power generation 

 

 

Some could claim that it will be difficult to reach 90% 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: nuclear power. Then the reduction of 

CO2-emission could be shared by nuclear power and renewable energy. 

4.6.1 North America 

The reduction of the emissions caused by electricity generation in North America should be 

reduced with 88% by 2050 and 97% by 2100. If consumption remains at the same level, this 

can be achieved by reducing the specific emissions from 514 gCO2/kWh to 62 gCO2/kWh by 

2050.   

This means that practically 90% of electricity should be generated by using CO2-free sources 

in 2050. Then in 2100 in practice all of electricity generation should be CO2-free. 

CO2-emissions of     Emission history          Emission target   Reduction from 2009

electricity industry 1990 2009 2050 2100 2050 2100

Mt Mt Mt Mt % %

North America 2 179 2 591       307 70             -88 % -97 %

European Union 1 288 1 231       342 59             -72 % -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         1 321 311            208 % -27 %

China 466 2 742       969 165            -65 % -94 %

India 208 655         1 104 203            69 % -69 %

Rest of Asia Pacific 412 1 090       1 143 219            5 % -80 %

Total 6 259 10 574     6 259 1 252         -41 % -88 %
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4.6.2 The European Union 

The reduction of emissions caused by electricity generation in the EU should be reduced with 

72% by 2050 and 95% by 2100. If the specific electricity consumption remains at the same 

level, then the specific emissions should be reduced from 387 gCO2/kWh to 108g/kWh by 

2050. In 2100 the specific emissions should be 19 g/kWh and practically all electricity should 

be generated by using CO2-free sources. 

4.6.3 Finland 

The countries with the highest specific electricity consumption should have the lowest 

specific emissions. The forecasted electricity consumption in 2050 for Finland is 117 TWh 

and the specific electricity consumption for 5.4 million Finns would be 22 000 kWh.  

Assuming that the target for emissions caused by electricity generation will be 690 

gCO2/capita by 2050 the specific emissions of electricity generation should be less than 31 

gCO2/kWh in 2050. Because of the recent decisions of building two new nuclear plants and 

more renewable electricity, the emissions will be less than 50 g/kWh already in 2020 (Table 

3.8.1). It would not be difficult to reach the 30 g/kWh level by 2050. 

4.6.4 China   

The reduction needed in China is 65% from the 2009 level. The specific emissions in China 

caused by electricity generation were 736 g/kWh in 2009. The emissions should be less than 

258 g/kWh in 2050, if the specific consumption will not grow. Thus non-fossil electricity 

generation should be at least 66% of all electricity generated in 2050.   

But actually the specific consumption of electricity will grow and the specific emissions 

should be much lower. The forecasted electricity consumption in China is 8000 kWh/capita. 

Thus the 690 gCO2/capita target means that the specific emissions should be less than 86 

gCO2/kWh. This means that 90% of electricity should be generated by using non-fossil 

electricity sources. 

4.6.5 India and Africa  

The target for India would allow an increase of emissions until 2050, but by 2100 the 

emissions should be reduced to 1990 level. This means a 69% reduction of emissions from 

the present level. Thus it would be best not to increase the emissions at present. They could 

sell the emission rights to other countries until 2050. 

Africa should as well reduce its emissions in the long run by 29% from the present level by 

2100. They can sell the emission rights to other countries until 2050.  

4.7 Emission reduction targets for individuals 

The 2.2 ton per capita emission target for 2050 might be very challenging for individuals. 

However, the target for individual households should be even harder, because most of the 

energy use will be formed by public and industrial consumption. I have kept the one ton per 
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capita as the target for households in my book ñThe Energy userôs handbookò (Ekoenergo Oy 

2009). We established Ekoenergo Ltd with my family for energy saving consultations during 

the second energy crisis in 1979.  

4.7.5 Household energy consumption targets 

I and my wife Sinikka now have a city home of 83.5 m
2
 with one sauna, a 100 m

2 
summer 

home with two saunas and two cars.  The analysis given in the book indicates that our family 

was using 50 000 kWh of energy in 2008. The energy consumption of our two homes was 30 

000 kWh and our transportation energy consumption was 20 000 kWh in 2008. The CO2-

emission of our energy consumption was 8000 kgCO2 for two homes and 5200 kgCO2 for 

transportation. Thus the total emissions in 2008 were 13 300 kgCO2 or 6 600 kg per person. 

In 2010 the home energy consumption was still 30 000 kWh for our two homes, but we have 

bought all electricity (14 500 kWh) from renewable sources and reduced the CO2-emissions 

with 2170 kgCO2 (Table 4.7.1).  

Another reduction has been made by our district heating company Fortum, which has built a 

new gas fired CHP plant in our home town Espoo in 2009 and reduced the specific emissions 

of district heat from 350 g/kWh to 250 g/kWh. Thus the CO2-emissions of our two homes 

have dropped from 8000 kg to 3100 kg, i.e. 60%. The CO2-content in district heating will be 

reduced to about 200 gCO2/kWh by 2020 and thus the per capita emission would drop to 

1200 kg/person. 

The next target would be to drop the household emissions below 500 kgCO2 per person. This 

will mean buying electricity and heat from CO2-free sources. This could happen by 2030, if 

the cities of Helsinki and Espoo would start buying heat from the nearby Loviisa nuclear 

power station, which is now heating only the sea with about 2000 MW of thermal power.  

Another possibility would be to move to a house that has an electric or heat pump heating 

system. It is worthwhile to note that our summer house is now already CO2-neutral. It is 

causing emissions only indirectly because of the necessity to go there by private car.  

4.7.6 Transportation energy use 

In 2010 the energy consumption of our two cars has dropped from 15 000 kWh to 13 000 

kWh, when we sold our gasoline SUV (8.0 liter/100 km) and bought a diesel engine car (6.5 

liter/100 km). This dropped the CO2-emissions with 300 kgCO2 (Table 4.7.2).  

Our second car will also reduce emissions, because all gasoline sold in Finland has 5-10% 

ethanol, starting from January 2011. 

Another big saving (3000 kWh) was achieved when I practically stopped flying. I used to 

make one intercontinental flight annually. This was during my employment 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 4.7.1 The emission target for our two homes  

 

 

 

Table 4.7.2 CO2-emission targets for transportation 

 

Home emissions                   History               Targets

2008 2010 2015 2020 2030

Home 1 (83 m2) Consumption kWh 2 500        2 500        2 500        2 500        2 500        

Electricity Emission/kWh gCO2/kWh 250           -             -             -             -             

Emissions kgCO2 625           -             -             -             -             

Heat Consumption kWh 12 500     12 500     12 500     12 500     12 500     

Emission/kWh gCO2/kWh 350           250           250           200           50             

Emissions kgCO2 4 375        3 125        3 125        2 500        625           

Home 2 (100 m2)Consumption kWh 12 000     12 000     12 000     12 000     12 000     

Electricity Emission/kWh gCO2/kWh 250           -             -             -             -             

Emissions kgCO2 3 000        -             -             -             -             

Heat Consumtion kWh 3 000        3 000        3 000        3 000        3 000        

Emission/kWh gCO2/kWh -             -             -             -             -             

Emissions kgCO2 -             -             -             -             -             

Total Energy kWh 30 000     30 000     30 000     30 000     30 000     

Emissions kgCO2/a 8 000        3 125        3 125        2 500        625           

                     kgCO2/person 4 000        1 563        1 563        1 250        313           

Transportation emissions                   History               Targets

2008 2010 2015 2020 2020

Car 1 Emission/km gCO2/km 190           170           30             30             30             

Driving km/a 15 000     15 000     15 000     15 000     15 000     

Emissions kgCO2 2 850        2 550        450           450           450           

Car 2 Emission/km gCO2/km 220           220           200           30             30             

Driving km/a 5 000        5 000        5 000        5 000        5 000        

Emissions kgCO2 1 100        1 100        1 000        150           150           

Flying Emission/km gCO2/km 120           120           120           120           120           

Flying km/a 7 000        700           700           700           700           

Emissions kgCO2 840           84             84             84             84             

Bus Emission/km gCO2/km 110           110           100           130           130           

Bus travel km/a 4 000        500           500           500           500           

Emissions kgCO2 440           55             50             65             65             

Transportation emissions kgCO2/a 5 230        3 789        1 584        749           749           

                     kgCO2/person 2 615        1 895        792           375           375           

Home emissions kgCO2/a 8 000        3 125        3 125        2 500        625           

                     kgCO2/person 4 000        1 563        1 563        1 250        313           

Total emissions kgCO2/a 13 230     6 914        4 709        3 249        1 374        

                     kgCO2/person 6 615        3 457        2 355        1 625        687           

Index 100 % 52 % 36 % 25 % 10 %
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Our CO2-emissions from transportation are now 1500 kgCO2 lower than in 2008 or 3790 

kgCO2/a. Our total emissions are still 6900 kgCO2 annually or 3500 kgCO2/capita. However, 

we have achieved a 48% saving in emissions in just two years. 

Our next step could be a plug in hybrid car, which should be coming on the market within 

two years time. Then the emissions from transportation could be reduced to about 1300 

kgCO2 and the total emissions to 4700 kgCO2 by 2015. This would be 64% lower than the 

emissions in 2008.  

In that case about 70% of the emissions would be coming from district heating. District 

heating could become practically CO2-free by 2030 if Helsinki will start to buy heat from the 

Loviisa nuclear power plant. 

I am wondering what Nobel Prize winner Al Gore will do? He has made great speeches on 

climate change, but according to public data he consumes 220 000 kWh of electricity 

annually and probably also the same amount of fuels. Thus his energy consumption in one 

month was about the same as ours in one year. 
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5 PREFERABLE ELECTRICITY SOURCES 

5.1 Forecasting future electricity consumption 

According to UN estimates the world population will grow to 9.15 billion by 2050. The 

population will then start to diminish after 2050, and will be 9 billion in 2100 (Table 4.5.1). 

The worldôs electricity consumption was 20 090 TWh in 2009 (Table 5.1.1) and the specific 

consumption was 2900 kWh/capita (Table 5.1.2). The highest specific consumption was in North 

America (14 500 kWh/capita) and the lowest in Africa (640 kWh/capita).  

Table 5.1.1 Electricity consumption forecast mane by the author 

 

The forecasted electricity consumption will grow to 42 000 TWh by 2050 and will be 50 500 

TWh in 2100. The biggest growth will happen in China, which will be the biggest consumer of 

electricity by 2050 with consumption of about 12 000 TWh. The population in China will be 

about 1.4 billion by 2050, thus the specific consumption will be about 8 400 kWh/capita. This 

will correspond with the specific consumption in the EU. 

The consumption of electricity in North America will grow from 5040 TWh in 2009 to 7870 

TWh in 2100 or with 50%. In 2100 the specific electricity consumption has been forecasted to be 

16 000 kWh/capita (Table 5.1.2).  

The consumption in the European Union will increase from 3360 TWh to 3640 TWh by 2100 or 

with 8%. The specific consumption EU27-area will rise to about 8 500 kWh/capita by 2100. In 

2008 the highest specific consumption in the EU27-area was in Finland or 16 000 kWh/capita. 

Electricity               History              Forecast

consumption 1990 2009 2050 2100

TWh TWh TWh TWh

North America 3 786         5 042 6 913 7 865         

European Union 2 570         3 182 3 876 3 637         

Other Europe 2 000         1 888 3 237 3 131         

Japan 841            1 115 1 245 899            

Latin America 507            1 082 2 484 3 329         

Middle East 239            756 2 770 5 404         

Africa 316            631 2 225 3 904         

China 621            3 725 11 951 13 344       

India 284            870 2 299 2 875         

Rest of Asia Pacific 682            1 802 4 895 6 155         

Total 11 847       20 094 41 895 50 541       
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Table 5.1.2 Specific consumption of electricity 

 

 

  

    

Figure 5.1.1 The forecasted electricity consumption of the world by continents 

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 5 463 6 351 7 754 8 557

Other Europe 5 228 4 927 8 406 10 435

Japan 6 810 8 766 12 240 12 841

Latin America 1 149 1 858 3 406 4 586

Middle East 1 657 3 586 7 824 10 392

Africa 509 643 1 153 1 744

China 538 2 768 8 434 11 223

India 335 726 1 425 1 972

Rest of Asia Pacific 846 1 567 2 930 3 910

Total 2 244 2 942 4 579 5 616
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5.2 Priorities in electricity generation 

5.2.1 Renewable energy programs in some countries 

Because of CO2-emissions most of countries have preferable electricity 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 renewable energy sources so that they should cover 20% of the final 

energy use by 2020. The share of renewable electricity should be raised to 33% by 2020. 

Finland should raise its share of renewable energy from 28% to 38% by 2020. This will mainly 

be done using wood in the heating boilers and CHP plants and wind power for electricity 

generation. Also feed-in tariffs have been introduced for wind power generation and wind could 

take about share of 5% of all electricity by 2020. 

The UK has a long term program to increase its renewable energy share to 15% by 2020.  The 

share of renewable electricity should increase from 5% to 29% in 2020 in the UK. Also small 

scale and micro generation should cover 1-2% of electricity. The UK has introduced the 

Renewable Obligation (RO) and feed-in tariffs in order to reach the goals. 

In Germany the feed in tariffs for renewable energy sources has increased the solar and wind 

capacity very rapidly. The country aims to produce 35% of electricity by 2020 and 80% by 2050 

by using renewable sources. 

Many of the US states have same kind of system, called the Renewable Portfolio Standard 

(RPS), targeted to raise the renewable share in electricity generation by 2020 to 33% in 

California, 30% in Colorado, 27% in Connecticut and 20% in Kansas. Most of the US states 

similar targets. 

Also China has now set a target to increase its renewable energy share to 15% 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 solar 20 GW. 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 to increase 

its nuclear capacity to 80 GWe by 2020, to 200 GWe by 2030 and to 400 GWe by 2050. Thus 

Chinaôs nuclear power capacity in 2050 would be about the same as in the whole world today.  

However, this is much less than the target of 500 GWe renewable plants by 2020.  
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5.2.2 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 capacity additions and retirements and the optimum running of the operating plants. 

In the capacity planning of electricity systems for the years 2050 and 2100 it is therefore 

assumed that renewable energy sources have first priority. Combined heat and power plants will 

be built after renewable plants as second priority. Nuclear plants come after CHP plants in third 

priority.  

Fossil fired plants will be built after nuclear plants in fourth priority starting with gas and oil 

plants. Coal plants will be built only if there will still be a need for additional capacity after all 

the other plants. 

 

5.3 Hydro 

The main sources of renewable electricity are hydro, wind, biomass and solar. Hydro energy has 

been the biggest renewable source of electricity up to now. The worldôs hydro generation was 

3200 TWh in 2009 (Figure 5.3.1). The forecasted hydro generation will increase to 5300 TWh in 

2050 and to 6500 TWh in 2100 (Table 5.3.1). 

Table 5.3.1 Generation of hydro electricity 

 

 

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

            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 % 5,9 % 8,2 %

Latin America 682          1 197       1 313       63,0 % 48,2 % 39,4 %

Middle East 12            21            29            1,6 % 0,8 % 0,5 %

Africa 99            384          1 088       15,7 % 17,3 % 27,9 %

China 585          1 467       1 639       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 3 232       5 274       6 475       16,1 % 12,6 % 12,8 %
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Figure 5.3.1 The forecast for hydro generation  

 

 

The share of hydro power will 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 available resources 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 South-America, Africa, China, India and in 

the Rest of Asia. China has the largest construction 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 power plants and 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 Wind power has became the most important source of renewable 

electricity in Germany 

 

5.4 Wind power 

Wind energy has now the biggest growth potential of all renewable energy until 2050. The 

technology is already commercial in high wind areas, where the average wind speed is more than 

7 m/s. It is also coming commercial in offshore installations, if conditions are good. 

 

Investments into wind energy are now increasing at a rapid speed. In 2009 about 38 000 MWe of 

new wind power capacity was added into power system (Figure 5.4.2). The largest investors 

were North America, the European Union and China. In 2009 China was the biggest investor 

with 13 000 MWe of new wind power capacity. 

The cumulative wind power capacity in the world is now about 200 GW. Thus wind power can 

generate about 400-500 TWh of electricity. The share of wind of power generation was 1.6% of 

electricity generation in 2009. Denmark generates about 20% of its electricity with wind power 

and has plans to increase the wind share to 30%. It has very favorable winds in the coastal areas 

of the North Sea.  
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Figure 5.4.2 The capacity additions of wind power plants (Source: BP Energy Statistic 2011) 

The US has also made plans to reach a 30% wind share. The best wind areas are 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 reach 160 GW by 2100 

(Figure 5.4.3). Wind power generation will then grow to 5 000 TWh by 2050 and 12 000 TWh 

by 2100 (Table 5.4.1). Wind will generate about 13% of electricity in 2050 and 24% in 2100. 

Table 5.4.1 Wind and wave electricity generation 
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Wind and Wave Generation Wind share

Area 2009 2050 2100 2009 2050 2100

TWh TWh TWh (%) (%) (%)

North America 56            1 346       2 176       1,1 % 19,5 % 27,7 %

European Union 127          751          1 041       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            1 835       3 528       0,7 % 15,4 % 26,4 %

India 19            304          553          2,3 % 13,2 % 19,2 %

Rest of Asia Pacific 5              362          1 846       0,3 % 7,4 % 30,0 %

Total 244          5 284       12 134      1,2 % 12,6 % 24,0 %
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Figure 5.4.3 The forecasted capacity additions of wind and wave power 

 

 

Figure 5.4.4 The forecasted wind and wave electricity generation (TWh) 
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5.5 Biomass 

The largest potential source for the biomass energy is the forests. However, the forest area in 

world has reduced from 4160 million in 1990 to 4030 million hectares in 2010 (Table 5.5.1). The 

largest reductions have been in Latin America and Africa. 

 

Table 5.5.1 Forest area (FAO 2010) 

  
 

If the wood removal rate in the whole world would be the same as in Finland (Table 5.5.2), the 

world would be using 11.2 billion m
3
 of wood. This is the 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 electricity generation of 0.46 MWh/ha. If all of the worldôs forests 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 potential electricity 

generation in 2100. 

 

Table 5.5.2 Wood removal in Finland (FAO 2010) 

 
Wood fired biomass power plants have been built for several decades by the paper industry 

companies for making pulp, where about 50% of the energy contents of the wood will be burned. 

The steam was used in the paper making process and also to generate electricity.  

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      45,4 -     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      5,9 -        16,4      

Oceania 198,7     198,4     191,4      0,3 -        7,3 -        

Total 4 168     4 085     4 033      83 -         135 -       

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      
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Today, also municipal power companies have built CHP plants, which generate heat for the 

district heating network. CHP plants generate about 30% of all electricity and about 50% of the 

heat needed in Finland and Denmark. The latest biomass plant was taken into commercial 

operation in Finland in Lappeenranta in 2010. The plant can generate 125 MWe of electricity, 

152 MW of steam for paper mills and 110 MW of hot water for the district 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 plants is the 50 MWe Unigrá LBF plant in Italy. It has three 16 

MWe diesel engines and a 6 MWe steam turbine. The main fuel is palm oil. The benefit of palm 

oil is that it has the best yield per hectare of any vegetable oils. The best sites in Malesia give 

four tons of palm oil per hectare. A 50 MWe plant running 8000 h/a would generate 400 GWh of 

electricity. The palm oil need for the plant, which has 48% of electrical efficiency, is 83 000 tons 

annually. This can be produced with 20 000 hectares of palm tree forest. The electricity 

generation will then be about 20 000 kWh per hectare. 

 

Biomass power plants have also been built by using biogas. The typical installation uses landfill 

gases in 0.1-5 MWe gas engines. The largest biogas plant in Finland has a 15 MWe output. The 

largest short term potential for biomass energy comes from forest wood removals, which have 

been about 3 Gm
3
 annually in the world. This corresponds to about 5000 TWh of primary 

energy. However, only 1.4 Gm
3
 (2400 TWh) of wood is used directly for energy production.   

 

The estimated capacity additions of biomass plants will grow from 6 GWe in 2010 to 12 GWe in 

2030 (Figure 5.5.1). The forecasted electricity generation by biomass will reach 1200 TWh in 

2050 and 1570 TWh in 2100 (Table 5.5.1).  

 

Table 5.5.1 Share 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            48            0,1 % 1,6 % 1,2 %

China 9              221          448          0,2 % 1,8 % 3,4 %

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          1 189       1 570       0,7 % 2,8 % 3,1 %
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Figure 5.5.1 The forecasted biomass capacity additions 

 

 

 
 

Figure 5.5.2 The forecasted electricity generation by biomass and waste will grow to 1600 TWh 

by 2100. 
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The growing stock of the living forests has diminished by 2.9 Gm
3
 during the last twenty years 

(Table 5.5.2). The biggest losses have happened in Latin America and Africa. This loss has been 

caused mainly by reducing the forest areas. The specific stock of living forest has been growing 

from 127 m
3
/ha to 131 m

3
/ha.  

 

 

Table 5.5.2 The biomass stock in the worldôs growing forests in Gm
3
 (Source FAO 2010) 

 

 
 

Biomass energy generation today also includes waste plants. In long term a biomass source will 

also be various sea bacteria, which 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 power is also coming onto the market place. It has been used commercially in small scale 

in off grid applications for a long time. Photo voltage (PV) cells have been excellent source of 

electricity in off-grid summer cottages. They have been used in Finland for some twenty years 

and some 10% (50 000) of all Finnish summer cottages have solar electricity.  

 

Now also grid connected PV-systems have been built (Figure 5.6.1) by utilities. Most of the 

small installations have been built on the roof tops of residential and commercial buildings. 

Some countries have established special programs that give subsidies or feed-in tariff for 20 

years. Germany and Spain have been leading the development in Europe. They both have more 

than 20 large (>20 MW) PV power plants on the grid. In 2009 capacity of the new PV power 

plants connected on the grid was 7300 MWe.  

 

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       77,0        3,1 -        6,1 -        

Asia 51,3       52,5       53,7        1,2         2,3         

Oceania 21,3       21,4       20,9        0,1         0,4 -        

Total 530,1     526,5     527,2      3,6 -        2,9 -        

Specific (m3/ha) 127,2     128,9     130,7      1,7         3,5         
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Figure 5.6.1 A large solar PV power plant 

 

Table 5.6.1 The share of solar electricity generation in 2050 and in 2100 

 

 
 

 

The largest solar power plants are concentrating solar thermal (CST) plants, where solar 

radiation is concentrated into a steam boiler plant, which generates steam for a conventional 

thermal power plant. Spain has now seven large (>20 MW) solar thermal plants on the grid. The 

largest plant has a 354 MW capacity and it has been built in the Mojave Desert in California. The 

total installed CST capacity in the world is now about 1000 MW and there is 1900 MW of new 

capacity under construction. 

 

Solar electricity generation         Solar share of generation

Area 2009 2050 2100 2009 2050 2100

TWh TWh TWh (%) (%) (%)

North America 2,6           199          2 089       0,0 % 2,9 % 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            1 425       0,1 % 1,0 % 26,4 %

Africa 0,2           14            713          0,0 % 0,6 % 18,3 %

China 0,5           80            2 164       0,0 % 0,7 % 16,2 %

India 0,6           27            567          0,1 % 1,2 % 19,7 %

Rest of Asia Pacific 0,6           30            979          0,0 % 0,6 % 15,9 %

Total 34            1 026       9 484       0,2 % 2,4 % 18,8 %
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Figure 5.6.2 The forecasted annual Solar capacity additions 

 

 

 
 

5.6.3 The forecasted solar electricity generation will grow to 9000 TWh by 2100. 
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There are now plans to build mega-size plants in the Sahara desert in Africa and transfer the 

electricity to Europe. Some are also thinking that solar PV plants could be built in outer space 

and transmit the electricity with micro waves or laser beams. They are both possibilities that will 

need further studies.  

According to my forecast solar electricity generation will grow to 1000 TWh 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 hydro and wind have been built. In 2100 solar electricity will 

cover 9500 TWh and 19 % of electricity consumption. 

 

5.7 Municipal CHP  

Municipal combined heat and power (CHP) 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 most cities.  

 

In Finland district heating covers 47% of overall heat energy consumption. About 90 % of the 

people in Helsinki live in the houses that have district heating. The total consumption of district 

heat in Finland in 2009 was 34.2 TWh or 6.4 MWh/person. The electricity generated with CHP 

plants was 14.8 TWh or 2.8 MWh/person.  

 

The electricity per heat value, alpha, was 0.43, which shows that it is still possible to construct 

new CHP plants in many Finnish cities. I have evaluated the CHP potential in my earlier book 

(Planning of Optimal Power Systems) that there is still possibility to increase the Finnish 

municipal CHP capacity from 3100 MWe to 4000 MWe or to 750 W/capita.  

 

The biggest potential for municipal CHP plants is however in Russia and China, which can in 

theory satisfy their short term electricity needs with municipal CHP plants. The municipal CHP 

potential in Russiaôs largest cities (with more than 50 000 inhabitants) is 169 GWe (1180 

W/capita). These plants can generate 844 TWh of electricity (Table 5.7.1). Thus about 80% of 

electricity in Russia could be generated by municipal CHP plants and all large cities could be 

independent of outside electricity.  

 

Table 5.7.1 CHP potential of the large cities (above 50 000 inhabitants) in 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 10 982      110       18        92        8 333        

Total 79 406      931       169     844     10 631      
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This is theory, but because of the organizational limitations, the potential cannot be fully 

realized. I was working for the utility company Imatran Voima in 1990, when we planned to 

build a 450 MW gas CHP plant in Saint Petersburg. The plant was commissioned during the 

1990ôs but it took about ten years before the heat could be connected to the district heating 

network.  

 

In Russia the district heating companies and power generation companies have different owners 

and they have difficulties to make energy purchases 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.  

 

 
 

Figure 5.7.1 The forecast for municipal CHP electricity generation until 2100 

 

 

The typical CHP potential in cities that have natural gas available is about 2 kW/capita. All cities 

which have more than 5 000 inhabitants living in the district heating houses can build CHP 

plants.  The typical gas engine CHP plant for a small city has a 10 MW electrical output and a 9 

MW heat output. The plant generates 50 GWh of electricity and 45 GWh of heat. 

 

The global municipal CHP generation is forecasted to increase to 1700 TWh by 2100 (Figure 

5.7.1). The share of municipal CHP electricity will increase to 3.3% by 2100 (Table 5.7.1). The 

largest share, 21% of municipal CHP electricity generation will be in Europe outside European 

Union. This includes Russia, which has the largest CHP potential in Europe.  
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Table 5.7.2 The forecast of municipal CHP generation 

 

 
 

Also China and the EU will increase their municipal CHP share to 5% of electricity generation. 

The municipal CHP plants are almost totally missing in North 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 the new houses. However, micro CHP generation has the largest 

potential in North America, because of the existing gas network.  

 

In southern countries heating is needed only for less than half the year and district heating 

networks would hardly be economical.  However, micro generation has some potential in all 

areas that have a natural 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 used in the pulp and paper industry, where heat is generated from 

wood in the pulp mill and the generated electricity and steam of the CHP plant is used by the 

paper machines. Same kind of CHP plants have been used in chemical factories and refineries, 

both of which need a lot of steam. Also smaller scales of CHP plants have been built in bakeries, 

glass factories etc. 

 

CHP electricity can cover the electricity needs of many industrial companies. The biggest 

industrial CHP generation is now in North America and China (Figure 5.8.1). The share of 

industrial CHP electricity is increasing from 8 % today to about 9 % in 2100 (Table 5.8.1). Very 

large potential is in the Middle East, which will build refineries and will need a lot of heat in 

desalination plants in the future.  

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       2,1 % 4,3 % 5,1 %

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          1 492       1 656       2,6 % 3,6 % 3,3 %
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Table 5.8.1 The forecast of industrial CHP generation 

 

 
 

 

 

 
 

Figure 5.8.1 The forecast of industrial CHP electricity 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 % 5,2 % 5,2 %

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          1 497       1 570       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 1 523       3 733       4 539       7,6 % 8,9 % 9,0 %
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5.9 Summary 

5.9.1 Renewable energy sources 

 

The renewable electricity generation could reach 30 000 TWh in 2100 (Figure 5.9.1) and cover 

59% of all electricity. Wind power will be the biggest contributor of renewable electricity in 

2100 and generate 23% of world electricity. Solar power will be the second and generate about 

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 after 2050. Thus before 2050 also other new 

capacity, such as nuclear and CHP-power plants will be needed to reduce the CO2-emissions. 

CO2-separation has not been introduced yet, thus its use is speculative. The only real alternative 

today in order to cut the emissions is to build more nuclear power, which is also the most cost 

effective alternative.  

In 2050 the share of renewable electricity share in the world will be 31% (Table 5.9.1) and the 

highest in Latin America (63%) and the European Union (49%). By 2100 the renewable share in 

the world will rise to 58% and to 74% in Latin America.  

 

 

Figure 5.9.1 Renewable energy could generate 30 000 TWh in 2100 
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Figure 5.9.2 The forecast of renewable electricity generation in different areas 

Table 5.9.1 The forecast of renewable electricity shares in 2050 and 2100 

 

5.9.2 CHP electricity generation 

CHP electricity generation is also increasing and it could reach 6200 TWh in 2100 (Figure 

5.9.3). The CHP share in the world is increasing from 10% in 2009 to about 12% in 2100.  

In 2100 the largest CHP electricity generator will be China with 2250 TWh (Table 5.9.2), 

because China will be the biggest industrial producer and will also have municipal CHP 
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Renewable electricity generation Market Share

Area 2009 2050 2100 2009 2050 2100

TWh TWh TWh % % %

North America 813        2 471      5 314      16,1 % 35,7 % 67,6 %

European Union 537        1 901      2 400      16,9 % 49,0 % 66,0 %

Rest of Europe 489        851        1 688      25,9 % 26,3 % 53,9 %

Japan 105        264        393        9,4 % 21,2 % 43,8 %

Latin America 732        1 554      2 454      67,6 % 62,6 % 73,7 %

Middle East 12          153        2 074      1,6 % 5,5 % 38,4 %

Africa 100        584        2 732      15,9 % 26,2 % 70,0 %

China 678        3 604      7 779      18,2 % 30,2 % 58,3 %

India 135        652        1 538      15,5 % 28,4 % 53,5 %

Rest of Asia Pacific 189        740        3 291      10,5 % 15,1 % 53,5 %

Total 3 790      12 773    29 662    18,9 % 30,5 % 58,7 %
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generation. The rest of Europe will be in second place after China, and will generate 940 TWh of 

electricity by using CHP plants. Russia has been the biggest market for municipal CHP, which 

will make it larger than the European Union or North America. 

The largest CHP share will be in Eastern Europe, including Russia, which will generate 30% of 

its electricity by using CHP power plants. China and the Middle East could get 16% of electricity 

from CHP plants by 2100.  

Table 5.9.2 The forecast of total CHP electricity generation 

 

 

Figure 5.9.3 The forecast of 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 % 5,4 % 5,4 %

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          2 015       2 250       13,7 % 16,9 % 16,9 %

India 48            155          194          5,5 % 6,7 % 6,7 %

Rest of Asia Pacific 99            330          415          5,5 % 6,7 % 6,7 %

Total 2 051       5 225       6 194       10,2 % 12,5 % 12,3 %
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5.9.3 Preferable electricity generation 

The preferable electricity 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 consumption can be satisfied 

with nuclear and fossil fired power plants. With nuclear power plants the CO2-emissions can be 

reduced already before 2050. 

 

Figure 5.9.4 Hydro, wind, biomass, solar and CHP power plants could cover 71% of 

electricity consumption in 2100. These sources will satisfy the growth in electricity 

consumption only after 2050 
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6 NUCLEAR ELECTRICITY PLAN UNTIL 2100  

6.1 Uranium resources 

6.1.1 History 

Uranium-235 has been the main resource for nuclear power until now and it also will continue to 

be for the near future. Also thorium-232 can be used in nuclear reactors, but it will require 

breeding to uranium-233. Plutonium-239 is the third nuclear energy source, but it will require the 

reprocessing of spent fuel. 

 

Natural uranium has mainly two isotopes, U-235 and U-238. The fissionable fraction is U-235, 

which content is 0.71 % in natural uranium. The rest, 99.29 %, is U-238.  Five billion years ago, 

when the earth was created, the both isotopes were equally common. U-238 has a half life of 4.5 

billion years and its concentration is now in half of that in the beginning of birth of earth.  

 

U-235 has been splitting to lighter atoms as its half life is 700 million years. As a matter of fact 

after some billion years from now U-235 isotopes will be disappearing, even if it will not be used 

in reactors at all. U-238 is more stable and 140 times more abundant. But the fission of U-238 

can be caused practically only with fast neutrons and fast reactors. 

 

Uranium was found in the Joachimsthal silver mine near Prague in 1850. The silver mine was in 

use from the 16
th
 century and its product were used for silver coins. Actually the names of dollar, 

daler (Sweden) and taaleri (Finland) originate from the name Joachinsthaler, of which Thaler is 

an abbreviation and was used to measure the value of the coin. The uranium from this mine was 

used by Marie Curie in her experiments with radioactivity. From this ore she could isolate 

radium and polonium. Also first loadings of the German nuclear experiments used the uranium 

from the Joachimsthal mine. 

 

Uranium was also found in the Belgian Congo before the Second World War. Most of the 

Belgian uranium was evacuated from Belgium to the US before the Germans occupied the 

country in 1940. The same uranium was then used in the development of nuclear bombs. In the 

US uranium was also found in 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 optimized by using the typical 1500 MWe light 

water reactor parameters and estimated prices of uranium and enrichment (Table 6.1.1).  The 

burn up of fuel in new reactors will be about 50 MWd/kgUHM, where MWd is the energy unit 

(Megawattdays, 24 MWh) and kgUHM is the kilograms of heavy metal or uranium in the fuel.  
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Table 6.1.1 Need for uranium in Light Water Reactor (LWR) power plants 

   
 

Thus 50 MWd/kgU corresponds to 1200 000 kWh/kgU. The heat value of crude oil is 11.62 

kWh/kg. Thus one kilogram of uranium gives 100 000 times more energy than crude oil. With 

todayôs prices the fuel cost of electricity produced by a LWR plant is ú5.7/MWh. This can be 

compared with the fuel cost of a modern coal plant, which is about ú20/MWh.     

 

The natural uranium need of a 1500 MWe LWR plant with 90 % load factor is 266 tons annually 

with 0.3 % tails assay. Tails assay is the U-235 content in the waste uranium in an enrichment 

plant.  Tails assay will be optimized this depending on the price of uranium. If the price of 

uranium rises it will be economical to lower the tails assay and take more U-235 from the ore. If 

the price of uranium will rise to $130/kgU, the tails assay will be dropped to 0.20 %. Thus with a 

higher uranium price the uranium can be utilized more thoroughly and less uranium is needed. 

The same power plant will consume 214 tons of uranium annually. It can also be noted that if the 

uranium prices rise by 100 %, the fuel costs will rise to ú6.8/MWh or by 20 %.  

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 1 500         1 500         1 500         1 500         1 500         1 500         

Load factor % 80 % 90 % 90 % 90 % 90 % 90 %

Electricity generation TWh/a 10,52         11,83         11,83         11,83         11,83         11,83         

Efficiency % 32 % 34 % 34 % 34 % 34 % 34 %

Reactor output MWt 4 688         4 412         4 412         4 412         4 412         4 412         

Thermal energy GWh 32 873       34 806       34 806       34 806       34 806       34 806       

Thermal energy GWd 1 370         1 450         1 450         1 450         1 450         1 450         

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% 4,0% 4,0% 4,0% 4,0% 4,0%

Enriched uranium needkgUHM/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/kgSWU 150             150             150             150             150             150             

Fabrication price USD/kgU 300             300             300             300             300             300             

Waste disposal USD/kgU 1 000         1 000         1 000         1 000         1 000         1 000         

Uranium costs kUSD/a 18 632       19 087       38 174       30 704       61 407       55 934       

Conversion costs kUSD/a 2 293         2 349         2 349         1 889         1 889         1 721         

Enricment costs kUSD/a 21 532       24 803       24 803       29 544       29 544       33 258       

Fabrication kUSD/a 11 696       8 916         8 916         8 916         8 916         8 916         

Back end kUSD/a 38 047       29 005       29 005       29 005       29 005       29 005       

Total kUSD/a 92 199       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           



 

 
 

120 

 

 

If the price of uranium will rise to $260/kgU, the tails assay will be dropped to 0.15 %. The fuel 

costs will rise to ú8.7/MWh. The fuel costs are then only 29 % higher than with $130/kgU.  The 

natural uranium need will drop to 195 tons of uranium annually. 

6.1.3 Resources of uranium 

The uranium resources with cost less than $130/kgU have been identified to be 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 levels the resources will last for 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 GWe of nuclear capacity for 60 years.  

 

Table 6.1.2 Uranium resources and nuclear capacity supported by the $130/kgU resources 

 

However, the fuel costs of a LWR plant are moderate also with $260/kgU resources. Those 

resources have not been identified, but will be much higher than $130/kgU resources given in 

Table 6.1.2. With a $260/kgU price also several new sources of uranium will become profitable. 

These include uranium from rock or sea water.  

 

The resources in the land can be estimated by using the formula R = 15 MtU x (P/130) 
3
, where P 

is the price of uranium ($/kgU). If the price of uranium is $260/kgU, the resources could be 8x16 

or 96 million tons of U. Additionally the uranium resources in sea water are about 5 billion tons 

of U, but the costs of separation are not known. 

Basic data (2008)

Nuclear power capacity 365             GWe

Nuclear generation 2 739         TWh

Uranium consumption 67               kt/a

Resources *

Identified resources 5 500         kt

Other resources 10 500       kt

Total conventional resources 16 000       kt

Depletion time with present capacity

Identified resources 82               years

Other resources 157             years

Total conventional resources 239             years

Capacity supported for 60 years

Identified resources 643             GWe

Other resources 1 227         GWe

Total conventional resources 1 869         GWe

* Source: INEA Position Paper 2008
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6.2 Breeder reactors 

6.2.1 Plutonium breeder reactors 

Breeder reactors can convert U-238 into plutonium-239 (Pu-239) in neutron radiation. Liquid 

metal fast reactors (LMFBR) are already in operation in Russia and very many other fast reactor 

types are in the development. They have been planned to continue the nuclear generation after 

the uranium resources have been used. 

The population of the world will be stabilized at 9 billion in 2100 and global electricity 

consumption will be stabilized at 50 PWh. Assuming 30% of future electricity will be generated 

by nuclear sources, 15 PWh of nuclear electricity is needed. This can be generated by breeder 

reactors with a capacity of 2000 GWe. 

Assuming that a breeder reactor consumes 1/60 of the 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 needs about 4 400 tons of uranium annually. The uranium need for the next thousand 

years is thus about 4.4 billion tons. The uranium consumption is only 1/60 of that of the LWR, 

thus the price of uranium can be ten times higher. If the price of uranium is $1300/kgU, the 

resources could be 15 billion tons of U.  

However, plutonium breeder reactors need reprocessing, where the plutonium is separated from 

the waste fuel. This is a safety issue as the plutonium might be used for making nuclear weapons. 

This is the reason why the forecasts made in this book assume that the breeders will be only built 

in existing nuclear weapon countries that have the necessary nuclear waste reprocessing facilities 

available.  

In 2050 when the plutonium breeder reactors should be available also many renewable 

technologies will be competing with the nuclear plants. Solar plants may have become 

competitive during this time. Also thorium breeder reactors may replace plutonium breeders.  

It is very difficult to say whether the breeder reactors will come commercial. Today the 

investment costs would be much higher than those of LWR reactors. The extra investment costs 

of breeder reactors have been estimated to be 30-100% at the moment.  

If breeder reactor power plants have ú1000/kWe higher investment costs than the LWR plants, 

then the generation costs of electricity will be ú12/MWh higher than with LWRôs, other costs 

being equal.  If the price of uranium will rise from $130 to $260/kgU, the fuel costs of LWR 

plant will increase from ú6.8 to ú8.7/MWh or with ú1.9/MWh (Table 6.1.1). Thus it is more 

economical to use the $260/kgU uranium than build breeder plants, which have more than ú175 

/kWe higher investment costs than the LWR plants. 
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6.2.2 Thorium breeder reactors 

The thorium resources have been estimated to be about four times of uranium resources. The 

content of thorium in the earthôs crust is 10 grams per ton. Thorium can be used as fertile 

material in uranium or plutonium reactors, where thorium-232 is converted into uranium-233 by 

capturing one neutron. 

The low cost thorium resources (<$80/kg price) are 3.8 million tons (Table 6.2.1). One 1000 

MWe reactor uses 1 ton of thorium annually. Thus the 3.8 million tons of known thorium 

reserves can fuel 3800 GWe capacity for thousand years. If the price increases tenfold (to 

$800/kg), the resources will be about 4 billion tons. With these resources all electricity needed in 

the world could be generated with thorium reactors for a million years.  

 

Table 6.2.1 Reasonable assured resources (RAR) and estimated additional 

resources (EAR) of thorium in some countries in kilotons (kt) 

 

 

Thorium is a good alternative for fast reactors with plutonium cycles. Thus it could come after 

light water reactors as the next choice before the fast breeder reactors. In the following analysis 

the breeder reactors will be combined under one name, Breeder Reactors (BR), but they can be 

any of the types discussed.  

It is very difficult to see which of the different breeder reactors become commercially available 

by 2050. It is also possible that none of them will, if other technologies develop faster. However, 

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

generation for the next million years. 

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
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India has already built a thorium test plant (Kakrapar -1) and has a 300 MW heavy water 

thorium nuclear plant under construction. Indiaôs thorium resources are about 319 000 tons. 

These resources could be enough for a Indian 319 GWe nuclear power program for a thousand 

years.  

 

6.3 A plan until  2100 

The electricity generation of the existing nuclear power plants peaked at 2800 TWh in 2006 

(Figure 6.3.1). After this date the electricity generation by existing nuclear plants has been going 

down because many of the plants are old and they will be decommissioned. By 2060 almost all 

of the existing plants will be decommissioned.  

 
 

Figure 6.3.1 The electricity generation forecast of 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 reach a 65 GWe level by 2030 in order to close down the old 

coal fired plants as soon as possible. However, after 2050 capacity additions should be reduced 

because new renewable capacity will be gaining market share in North America and the 

European Union. 
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Figure 6.3.2 Forecast of capacity additions of new nuclear power plants globally 

 

 

Figure 6.3.3 Forecast of the installed capacity of the new nuclear plants globally 
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Figure 6.3.4 Forecast of electricity generation using LWR power plants

 

Figure 6.3.5 Forecast of electricity generation with new breeder reactor power plants 
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Figure 6.3.6 Forecast of nuclear electricity generation in the world until 2100 

 

 

If the new nuclear plants will have a 60 year operation time, the installed capacity of the new 

nuclear power plants will peak at 2700 GWe in 2080 (Figure 6.3.3). Thereafter the capacity will 

start to decrease, while renewable generation will start to increase its market share also in the 

developing countries and nuclear power will not be needed as urgently.  

 

The electricity generation of LWR power plants will peak at 13 000 TWh in 2080 (Figure 6.3.4). 

The new breeder reactor power plants will start operation in 2050 and will reach 5500 TWh by 

2100 (Figure 6.3.5). 

 

The electricity generation of nuclear power plants (LWRôs and Breeders) will peak at 16 000 

TWh in 2080 (Figure 6.3.6). Thereafter nuclear electricity generation will go down, as renewable 

electricity sources will start gaining market shares.  

 

The nuclear share of electricity generation is forecasted to rise from 13% in 2009 to 27% in 2050 

and to 34% in 2075; when nuclear plants will be the biggest contributor of electrical energy 

(Table 6.3.1). The nuclear share will then decrease to 25% by 2100 as renewable energy sources 

gain market shares.  
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Table 6.3.1 Forecast of nuclear power generation and the nuclear share of electricity  

 

 
 

 

The nuclear share of electricity in 2100 will remain at about the same level as today in North 

America. In the EU the nuclear share will decrease because of extensive programs for renewable 

electricity. The biggest share of nuclear power (50%) is 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 the nuclear share in China will 

be 24%. The nuclear electricity generation in China in 2100 (3300 TWh) will be more than the 

total world is generating today. China has large potential to generate up to 50% of its electricity 

by using nuclear plants, but this requires that the breeder reactors will become competitive by 

this time. 

 

6.4 Consumption of uranium 

A nuclear program was planned in chapter 6.3 by building 65 GWe of new nuclear capacity 

annually. This is equivalent of 43 new units annually with 1500 MW each. Then after 2050 the 

new LWR reactors should be followed by breeder reactors which will use the spent fuel of LWR 

reactors as a primary fuel and depleted uranium-238 or thorium as the fertile material. After 2050 

both LWR and breeder power plants will be built in parallel with gradually increasing the share 

of breeders (Figure 6.4.1). 

 

Nuclear power capacity would peak at 2500 GWe in 2080 (Figure 6.4.2). Nuclear generation 

would reach 19 000 TWh in 2080 (Figure 6.4.3).  By then about 20% of the nuclear capacity 

should be breeder reactors. In 2100 the nuclear power capacity will be 2000 GWe and about 30% 

of the capacity would be breeders. 

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     1 637     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       1 424     1 415     0,0% 29,0% 34,6% 26,2%

Africa 13         605       1 052     870       2,1% 27,2% 34,8% 22,3%

China 68         2 909     4 856     3 308     2,0% 24,3% 36,6% 24,8%

India 15         739       1 147     1 034     1,8% 32,1% 43,1% 36,0%

Rest of Asia 194       1 137     2 067     2 151     10,8% 23,2% 36,6% 34,9%

Total 2 741     11 261   16 151   12 613   13,5% 26,9% 34,2% 25,0%
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Figure 6.4.1 Forecasted capacity additions of nuclear plants could reach 50 GWe/a 

 

 

Figure 6.4.2 Forecasted nuclear power capacity would peak at 2700 GWe in 2080 
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Figure 6.4.3 Forecasted nuclear power generation will peak at 19 000 TWh in 2080 

 

 

Figure 6.4.4 Forecasted annual uranium demand until 2120 
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Figure 6.4.5 Forecasted cumulative uranium demand until 2120 

 

The annual uranium demand will peak at 240 000 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. The low costs (<$130/kgU) uranium resources of 16 

million tons will be used by 2100. 

6.5 The electricity plan after nuclear generation 

If the given program would be realized, nuclear power would be the number one source of 

electricity and the world will go to nuclear age in 2041 (Figure 6.5.1).  The nuclear age would 

last until 2100, when wind/wave power would overtake the nuclear as the largest source of 

electricity.  

 

The use of nuclear power would make a radical change in fossil electricity, which would start 

decreasing after 2020. Without nuclear power the fossil electricity generation would increase 

until 2050. According to the plan the fossil share of electricity generation would go down rapidly 

from 66% in 2009 to 30% in 2050 (Table 6.5.1). However, the absolute generation of fossil fired 

electricity would be remain at a 12 000 TWh level until 2050. Then after 2050 the fossil 

generation would decrease to 2000 TWh in 2100.  
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Figure 6.5.1 Forecasted electricity generation mix with nuclear power plants 

 

 

 

Table 6.5.1 Forecasted sources of electricity generation 
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          Sources of Electricity Generation         Market shares

Source 2009 2050 2075 2100 2009 2050 2075 2100

TWh TWh TWh TWh % % % %

Preferable sources

Solar 34         1 026     2 955     9 814     0,2% 2,4% 6,3% 19,3%

Wind/wave 321       5 284     9 197     12 134   1,8% 12,6% 19,5% 23,9%

Hydro 3 272     5 274     6 000     6 475     18,8% 12,6% 12,7% 12,7%

Biomass/waste 164       1 189     1 503     1 570     0,9% 2,8% 3,2% 3,1%

CHP 2 051     5 225     5 900     6 194     11,8% 12,5% 12,5% 12,2%

Total 5 841     17 998   25 555   36 186   33,6% 43,0% 54,1% 71,1%

Other sources

New Breeders -         418       3 103     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 plan from 33% in 2009 to about 43% by 2050, 

and to 71% by 2100. The biggest increase is happening in wind and solar electricity generation, 

which would generate 24% and 19% of electricity respectively in 2100. 
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7 FOSSIL ELECTRICITY PLAN FOR 2100 

7.1 Planning process 

Fossil plants should cover the remaining electricity generation after the preferable sources of 

renewable, CHP and nuclear electricity. The fossil electricity generation have increased from 

6000 TWh in 1990 to 12 000 TWh in 2009 (Figure 7.1.1, Table 7.1.1).  The fossil generation will 

peak at 15 000 TWh in 2020 and thereafter the generation will go down and reach 1990 level 

before 2075. 

 

Figure 7.1.1 Forecasted electricity generated by fossil fired power plants 

The CO2-emissions of fossil plant can still be reduced by improving the efficiencies of power 

plants and by increasing the share of oil and gas fired plants and decreasing the share of coal 

fired power plants. This can be achieved as most 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 for the base load 

generation at sites where natural gas is not available. The goal is to reach the emission target of 

690 kgCO2/capita by 2050 and 140 kgCO2/capita by 2100 in each of the areas separately. 

The economic incentive to build gas fired plants instead of coal fired plants should be favored by 

CO2-emission allowances or clear emission standards. If the emission standards allow only a 500 

gCO2/kWh emission, then coal fired plants will not be built without carbon capture and storage 

(CCS). Because of the high costs of CCS the other plants would replace the coal plants in the 

most cases. However, CCS will be also needed in China and USA to reach the emission targets. 
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Table 7.1.1 Forecasted electricity generation of fossil power plants and market shares 

 

The prices of CO2-allowances should be so high that gas fired plants have lower variable costs 

than coal plants. If the fuel prices of gas and coal are ú20/MWh and ú10/MWh respectively, then 

the price of CO2-allowances should be more than ú30/tCO2 (Table 7.1.2) and the variable costs 

of both plants are about ú56/MWh.   

At the moment the CO2-price allowance is about ú15/MWh and coal fired plants have about 10% 

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

order. It is forecasted that by 2020 the prices of CO2-allowances will increase to ú30/tCO2, 

which corresponds to a 7% annual change. By 2050 the allowance price could reach a ú50/tCO2 

level, which will make also gas plants more expensive than wind or solar plants. 

Table 7.1.2 The variable costs of gas and coal power plants 

 

            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    1 122    491       66         56,6 % 16,2 % 6,6 % 0,8 %

European Union 1 423    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 % 3,2 %

Latin America 296       228       86         65         27,4 % 9,2 % 2,9 % 2,0 %

Middle East 718       1 487    1 467    1 057    94,9 % 53,7 % 35,6 % 18,4 %

Africa 515       1 022    533       276       81,6 % 45,9 % 17,6 % 7,1 %

China 2 465    3 423    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 1 322    2 688    1 410    298       73,3 % 54,9 % 25,0 % 4,8 %

Total 11 554  12 521  5 548    2 072    57,5 % 29,9 % 11,7 % 4,1 %

2011 2020 2050

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

Emission price 15 eur/t 15 eur/t 30 eur/t 30 eur/t 50 eur/t 50 eur/t

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         



 

 
 

135 

 

 7.2 Oil and gas fired plants 

For 25 years natural gas has been the most favored fuel in new power plants after the Chernobyl 

accident in 1986. Typical gas plants are used at base load as combined cycle plants and at peak 

load and reserve applications as simple cycle gas turbines or diesel and gas 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 in the back end. Thus the steam 

turbine can utilize the waste heat from the gas turbines and generate typically 50% more 

electricity. If the gas turbine has a 36% efficiency then the combined cycle plant has typically 1.5 

x 36% or 54% net electrical efficiency. 

 

The orders of large gas turbines have been changing around 40 000 MW (Figure 7.2.1). There 

have been large changes in the orders depending on the economic cycle. The total volume of the 

large plants has been about 60 000 MWe annually, if also the steam turbines of the CCGT plants 

are included. 

 

 

Figure 7.2.1 Annual orders of large (>60 MW) gas turbines have 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 have a 40-45% electrical efficiency and aero-

derivative gas turbines with 36-42% 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 capacity of wind and solar power plants. 

The orders for internal combustion engines (0.5-60 MW unit size) have been changing around 

35 000 MW depending on the economic cycle (Figure 7.2.2). The orders for small (1-60 MW) 

gas turbines have stayed between 5000 MW and 10 000 MW level during the same period.  

 

Figure 7.2.2 The orders of internal combustion engines and gas turbines (0.5-60 MW unit size) 

have changing around 35 000 MW (Source: Diesel and Gas Turbine World Wide) 

The installed capacity of oil and gas power plant is increasing from 2000 GWe in 2009 to about 

4000 GWe by 2050 and then decreasing to 2800 GWe by 2100 (Figure 7.2.3). The peak load of 

electricity consumption is developing from 4000 GWe by 2009 to 8000 GWe in 2050 and to 

10 000 GWe by 2100 (Figure 7.2.4).  

In 2100 the oil and gas fired power plants will be cover 27% of the peak load capacity and they 

are mainly used for system services. Typically about 20-30% capacity is needed for system 

services including peaking, regulating and reserve power plants.   

-

10 000   

20 000   

30 000   

40 000   

50 000   

60 000   

70 000   

Annual Orders of Gas Turbines and 
Internal Combustion Engines (0.5 - 60 MW)

ICE (0.5-1 MW)

ICE (1-60 MW)

GT (1-60 MW)



 

 
 

137 

 

 

7.2.3 Forecasted installed capacity of oil and gas fired power plants in the world 

  

 

Figure 7.2.4 Forecasted peak load electricity consumption in the world 
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Figure 7.2.5 Forecasted oil and gas power generation 

 

Electricity generation with oil and gas power plants is growing from 5100 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 

share will then gradually decline to 21% by 2050 and to 4% by 2100. 

Table 7.2.1 Forecasted electricity generation with oil and gas plants  
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     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 1 174    1 122    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       1 487    1 467    1 057    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 1 235    2 674    1 410    298       68,5 % 54,6 % 25,0 % 4,8 %

Total 5 191    8 638    5 548    2 072    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 about hundred years. But, it is also the 

biggest source of carbon dioxide emissions. The CO2-emissions of a typical coal plant are 850 

gCO2/kWh, when a gas plants emits only 400 g CO2/kWh (Table 7.1.2). Because the emissions 

should be reduced, this can be most easily done by replacing the coal fired plants with renewable 

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

Coal fired electricity generation can be forecasted by subtraction all other power generation 

sources from the total electricity generation (Figure 7.3.1). Coal power generation will peak at 

8500 TWh in the year 2020, when the new plants that are now under planning and construction 

phases will be connected to the grid. After 2020 coal fired electricity generation will then start to 

decline after new renewable and nuclear plants will be connected to the grid. 

There are many countries that have 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 future in Europe. At the moment coal powerôs share in Finlandôs electricity 

generation is about 20%. It will decline to less than 5% by 2020 as three new nuclear and many 

renewable plants will be connected into the network. Then in about 2034 all the coal fired plants 

will  have been decommissioned. 

However, there are countries such as China and India that are building new coal fired power 

plants. The coal share of electricity generation in China and India was about 64% in 2009. In 

2050 the coal share will still be about 20% in both the countries (Table 7.3.1). 

 

Table 7.3.1 Forecasted coal share of power generation will reduce from 32% in 2009 to 9% by 

2050 and to near zero by 2075 

 

 
 

      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    3 884    -         -         31,7 % 9,3 % 0,0 % 0,0 %
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Figure 7.3.1 Forecasted coal fired power generation will peak in the year 2020 at 8500 TWh 

 

 

7.4 The CO2-emissions of electricity generation 

The CO2-emissions are still increasing as fossil fired power generation is increasing. The 

emissions will peak at 13 Gt/a in 2020 and then decrease to 2 Gt/a in 2100 (Figure 7.4.1). The 

cumulative CO2-emissions will reach 900 Gt by the year 2100. They include 500 Gt emissions 

from coal and 400 Gt from oil and gas power plants (Figure 7.4.2). 

 

The specific CO2-emissions of power generation in the world will reduce to about 1 ton/capita by 

2050 (Figure 7.4.3) and to 0.2 t/capita by 2100 (Figure 7.4.4). There are still great variations in 

the per capita emissions between the countries and continents. It seems that the US, China, Japan 

and Eastern Europe could not meet the general target (690 kg/capita) set in chapter 4.6 by 2050.  

 

Middle East will also have difficulties in reaching the target (140 kg/capita) for 2100.  China 

could reach the targets for 2100, if it creates an ambitious program to do so. However, there are 

several countries in which the emissions will be lower than the targets. Thus it will be possible to 

reach the general targets if those countries will sell the emission rights to others.  
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Figure 7.4.1 The forecasted CO2-emissions of electricity generation 

 

 

 
 

Figure 7.4.2 The forecasted cumulative CO2-emissions of electricity generation until 2100  
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Figure 7.4.3 The forecasted CO2-emissions from electricity generation of the world will increase 

from the 1 t/capita in 1990 and reduce back to it by 2050 

 

 

 
 

Figure 7.4.4 The forecasted CO2- emissions will decrease below 0.23 t/capita by 2100  
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7.5 Global warming caused by power generation 

 

The CO2-emissions of electricity generation by fossil fired power plants are about 34% of the 

total emissions of energy industry. The forecasted emissions of electricity generation until 2100 

were estimated to be 900 Gt. If this relation remains the same, the emissions of the energy 

industry until 2100 will be 2800 Gt (Figure 7.5.1).  

 

 

 
 

Figure 7.5.1 Forecasted CO2-emission from energy industry 

 

If the CO2-concentration in the atmosphere will follow the past correlation with CO2-emissions, 

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 until 2050, 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 CO2-emissions. Finnish measurements have shown that 

1000 Gt of CO2-emissions have caused temperature increase of 0.79 
o
C (maximum sensitivity 

see Chapter 4.5). Myles R. Allen et. al. Nature (April 30, 2009) have evaluated that 3670 Gt 

emissions cause a 2 
o
C increase (minimum sensitivity). 
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Figure 7.5.2 The forecasted CO2-concentration at Mauna Loa 

 

 

 
  

Figure 7.5.3 The forecasted temperature rise after 1990, if the emissions of the energy industry 

will be approaching 2800 GtCO2 until 2120 (Figure 7.5.1) 
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The emissions caused by the energy industry have been about 700 Gt during the years 1900-

1990. This has caused an increase in the global temperature of 0.38 
o
C (minimum sensitivity of 

Myles R. Allen) or 0.55 
o
C (maximum sensitivity by the author).  

 

The forecasted temperature rise after 1990 has been estimated by using the minimum sensitivity 

and the maximum sensitivity has been estimated to be 1.54ï2.23 
o
C by 2120 (Figure 7.5.3). The 

temperature rise from 1900 to 2120 will then be 1.92ï2.78 
o
C, and the probable increase would 

be 2.35 
o
C. 

7.6 Fossil fuel resources 

The cumulative coal consumption for power generation is forecasted to achieve 120 Gtoe (120 

billion tons of oil equivalent) by 2120 (Figure 7.6.1). The coal reserves were estimated by British 

Petroleum (BP 2010 energy statistics) to be 862 Gt, which would be approximately 575 Gtoe. 

Thus the coal reserves are about five times the need for power generation. However, coal is also 

needed for heat generation, for the production of iron and for other industrial uses. 

  

 

 
 

Figure 7.6.1 The forecasted cumulative 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 to be 1333 trillion barrels or 181 Gtoe by British 

Petroleum. The proven reserves for natural gas are 187.5 Gm3, which corresponds to 169 Gtoe. 

The total reserves of oil and gas are then 350 Gtoe and 43 % of them are needed for electricity 

generation. 

 

About 20-30% of oil and gas is used for power generation today. 20-30% of the available 

reserves correspond to 70-105 Gtoe. This is less than is needed for power generation. However, 

in many sectors oil and gas will be switching to electricity. Cars will be switching from gasoline 

to electric or hybrid cars. Households are switching from natural gas and heating oil to electric 

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 source have been given in Figure 8.1.2. We can define 

the ages given the name by the source that has the largest market share in the defined period.  

From this data we can say that we are now living in a coal age. Coal fired electricity generation 

is still growing and it will peak by 2020. However, the market share of coal will decline from 

32% in 2009 to 25% in 2025. The coal fired power generation will decrease to nearly zero by 

2100, but coal will still be used in CHP generation then.  

The coal age will end by 2025, when the oil and gas power plants or hydrocarbons will be the 

have the highest market shares in electricity generation (Figure 8.1.2). The hydrocarbon age 

will continue from 2025 until 2041, when nuclear electricity will overtake the hydrocarbons. 

    

 

Figure 8.1.1 The forecasted electricity generation sources in the world 
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Figure 8.1.2 The forecasted market shares of electricity sources 

 

 

Table 8.1.1 The forecasted sources of electricity generation  
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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    3 884    -         31,7 % 9,3 % 0,0 % 0,0 %

Oil and Gas 5 191    8 638    5 548    2 072    25,8 % 20,6 % 11,7 % 4,1 %

Total Fossil 11 554  12 521  5 548    2 072    57,5 % 29,9 % 11,7 % 4,1 %

New FBR -         418       3 103    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 1 523    3 733    4 224    4 539    7,6 % 8,9 % 8,9 % 9,0 %

Municipal CHP 528       1 492    1 677    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       1 189    1 503    1 570    0,8 % 2,8 % 3,2 % 3,1 %

Hydro 3 272    5 274    6 000    6 475    16,3 % 12,6 % 12,7 % 12,8 %

Wind/wave 321       5 284    9 197    12 134  1,6 % 12,6 % 19,5 % 24,0 %

Solar 34         1 026    2 955    9 484    0,2 % 2,4 % 6,3 % 18,8 %

TotalRenewable 3 790    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 %
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Hydrocarbons will still be needed in the year 2100 because of peaking and reserve power 

generation still, when the oil and gas plants will have a 4% share (Table 8.1.1). CHP plants will 

have a 12% share by then and gas will still have the largest share in CHP power generation. 

The nuclear share will decrease from 13% in 2009 to its lowest share of 10% in 2017. Thereafter 

the nuclear share will start to increase again, when the many new plants under construction will 

be connected to the grid.  

Nuclear generation will overtake the hydrocarbons in 2041, when the nuclear share will reach a 

24% market share and the world will be in the nuclear age. The nuclear share will then peak at 

36% during the years 2075-80. The nuclear age will end by 2110 when wind power generation 

will overtake nuclear and both will generate about 24% of electricity. 

The wind age will last from 2110 to about 2130-40, when solar electricity will be the biggest 

source of electricity. The world will enter into the solar age, which could last forever. 

 

Capacity additions 

 

The capacity additions in the worldôs electricity market will be changing ahead of the generation 

markets (Figure 8.1.3). The capacity additions will grow from 200 GWe in 2010 to about 350 

GWe in 2050 and 650 GWe in 2100.  

 

 
 

Figure 8.1.3 The forecasted power plant capacity additions annually in the world 
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Oil and gas fired power plants have taken the lead in annual capacity addition and now almost 

100 GWe/a of new oil and gas capacity will be built annually after the year 2010. Wind capacity 

additions will overtake oil and gas capacity additions between years 2040-50.  

 

If nuclear capacity additions will grow to 65 GWe/a by 2030, this will make nuclear power 

generation the number one source of electricity after 2040. Finally, solar power capacity 

additions will overtake wind plants between 2080-2100. This will happen some 30-40 years 

before solar will become the largest source of electrical energy around 2120-2150.  

 

8.2 North America 

The main source for electricity generation in North America will develop from coal to oil and 

gas then via nuclear to renewable sources similar to the global development (Figure 8.2.1). Coal 

power will be main source for electricity and North America will be living in the coal age until 

2025. 

The hydrocarbon age will follow  from 2025 until 2040, when the oil and gas share will drop 

below 29% and nuclear electricity will take the lead. This will be the time when local sources of 

oil and gas will also be exploited and the North America will be depended on imported oil and 

gas. 

 

Figure 8.2.1 The forecasted electricity generation sources in North America 
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Figure 8.2.2 The forecasted market shares of electricity sources in North America. Oil and gas 

age will be between the years 2025-2040 and the nuclear age between the years 2040-2090 

 

North America will come into the nuclear age in 2041, when the nuclear share will reach 27% 

of electricity generation. According to the plan nuclear capacity additions will increase to 14 000 

MW by 2025, which corresponds to ten large nuclear plants annually. Nuclear investments 

should continue at this level until 2050 to get rid of coal fired power plants and CO2-emissions. 

The nuclear age will last until 2090, when the wind and wave share will reach 27% of generation 

and North America will be enter the wind age. Wind energy is already very profitable in the US 

in the Mid West, where favorable winds blow throughout the year. Solar power generation would 

take the lead from wind around 2120-2140 and the solar age will then last until the unknown 

future. 

The CO2-emissions from electricity generation in North America will continue at the present 

level until 2020 (Figure 8.2.3). After 2020 nuclear power and renewable sources will start to gain 

market shares, which will drop the share of coal and CO2-emissions. The emissions will still be 

660 MtCO2 in 2050 (1.5 tCO2/capita), which is more than the target of 0.69 tCO2/capita.  

In 2100 the CO2-emissions will be 250 Mt/a (490 kgCO2/capita). This will be above the target of 

140 kg/capita and North America should buy emission rights from the countries that have lower 

than target emissions. 
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Figure 8.2.3 The forecasted CO2-emissions from electricity generation in North America 

 

8.3 The European Union 

Electricity consumption has been growing moderately in the European Union and 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 generation sources in the EU are developing ahead of the rest of the world. Nuclear 

power became the number one electricity source already in 1993, when it reached 32% market 

share of electricity sources and overcome coal (Figure 8.3.2). The nuclear share was above 30% 

until 2005.  

 

In the future the nuclear share will decrease below 24% and hydrocarbons will overcome nuclear 

by 2012. However, the nuclear share will start increasing again and will reach a 25% share in 

2034 and be the major source of electricity until 2070, when wind electricity generation will 

reach 26% of electricity generation and end the nuclear age. Thus the first  nuclear age was 

during the years 1993-2012 and the second nuclear age during the years 2034-2070.  

 

The hydrocarbon age will be between the nuclear ages from 2012 to 2034. The wind age will 

follow the nuclear age after 2070 and finally EU will end into solar age by 2120-50. 
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Figure 8.3.1 The forecasted electricity generation sources in European Union 

 

 

 
 

Figure 8.3.2 The forecasted market shares of electricity sources in European Union 
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Electricity generation with fossil fuels in 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 in CO2-emission 

in EU was reached in 2007, when emissions were 1400 MtCO2 or 2.8 tCO2/capita (Figure 7.3.3).   

 

 
 

Figure 7.3.3 The forecasted CO2-emissions of electricity generation in the EU 

 

 

The forecasted CO2-emissions of electricity generation will decrease to 360 MtCO2 by 2050 and 

150 MtCO2 by 2100. The specific CO2-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 kgCO2/capita, but the 2100 

figure of 300 kg CO2/capita is far from target of 140 kgCO2/capita. Thus also Carbon Capture 

and Storage (CCS) program will be needed. 

8.4 The rest of Europe (Transitional Economics) 

The electricity generation in the rest of Europe was decreasing after 1990, when the Former 

Soviet Union countries started liberalization. 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 rest of Europe has been the combined heat and 

power (CHP), which generate 25-27% of electricity (Figure 8.4.2). Most cities have district 

heating systems and the largest cities also have CHP generation.  
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Figure 8.4.1 The forecasted electricity generation sources in the rest of Europe 

 

 

 

 
 

Figure 8.4.2 The forecasted market shares of electricity sources in the rest 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 CHP generation 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 2075. The main source of electricity has been natural 

gas and the rest of Europe has been living in the hydrocarbon age since 1990.   

 

The nuclear age will be starting in 2055, when nuclear power will overcome the hydrocarbons. 

The nuclear age will continue until 2100, if the largest cities will have nuclear CHP plants. The 

first nuclear CHP plant (Akademik Lomonosov) will be start its operation in 2012.   

 

 
 

Figure 8.4.3 The forecasted CO2-emissions of electricity generation in the rest of Europe 

 

When the electricity consumption was decreasing the generation of fossil fired electricity was 

reducing from 46% in 1990 to 24% in 1997. This reduced the CO2-emissions from 900 Mt to 400 

Mt in 1997 (Figure 8.4.3).  
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Fossil fired plants generate today about 32-35% of electricity, and as most of the CHP plants use 

natural gas the CO2-emissions are increasing. The emissions will peak at 850 Mt in 2020 and 

will then reduce to 670 Mt by 2050 and to 190 Mt by 2100. Thus the rest of Europe would need a 

CCS program to reach the targets. 

 

The specific emissions of electricity generation were 1800 kgCO2/capita in 2009. The emissions 

will decrease to 1750 kg/capita by 2050 and to 620 kg/capita by 2100. The both figures are more 

than 100% above the targets of 690 kg/capita by 2050 and 140 kg/capita by 2100. Thus also the 

CCS will be needed. 

 

8.5 Japan 

Electricity generation in Japan has increased from 840 TWh in 1990 to 1115 TWh in 2009. It 

will still be increasing to peak at 1300 TWh in 2030 (Figure 8.5.1). After 2030 the population of 

Japan will start to decline and thus also electricity consumption will start to decrease.    

 

 

 
 

Figure 8.5.1The forecasted electricity generation sources in Japan 

 

0

200

400

600

800

1 000

1 200

1 400

T
W

h

Electricity Generation Sources 
in Japan

Solar

Wind/wave

Hydro

Biomass/waste

Municipal CHP

Industrial CHP

Old nuclear

New LWRs

New Breeders

Oil and Gas

Coal



 

 
 

158 

 

 
 

Figure 8.5.2 The forecasted market shares of electricity generation in Japan 

 

 

 
 

Figure 8.5.3 The forecasted CO2-emissions of electricity generation in Japan 
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Japan has been living in the hydrocarbon age for 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 the nuclear electricity market share will reach 36% and nuclear power will be the 

number one electricity source in Japan. The nuclear age will then last from 2058 until 2120, 

when wind or solar plants will overcome nuclear generation. 

 

The CO2-emissions of electricity generation in Japan have peaked at 570 MtCO2 in 2007 (Figure 

8.5.3). The emissions will decrease to 270 MtCO2 by 2050 and to 30 Mt by 2100. The emissions 

per capita will reduce from 3800 kgCO2/capita in 2009 to 2600 kgCO2/capita by 2050 and to 500 

kgCO2/capita by 2100. The both figures are far from the target of 690 kgCO2/capita by 2050 and 

140 kgCO2/capita by 2100. Japan would need in addition a massive CCS program. 

 

8.6 Latin America  

Electricity generation in Latin America has increased from 500 TWh in 1990 to 1080 TWh in 

2009. It will still continue to increase to 2480 TWh by 2050 and 3330 TWh by 2100 (Figure 

8.6.1). 

 

 
 

Figure 8.6.1 The forecasted electricity generation sources in Latin America 
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Figure 8.6.2 The forecasted market share of electricity sources in Latin America 

 

 

 

 
 

Figure 8.6.3 The forecasted CO2-emissions of electricity generation in Latin America 
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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 in the hydro age also in the future. Nuclear will be the second largest 

source by 2050, when the nuclear share has increased to 25% of generation. In 2100 both wind 

and nuclear will have 20-22% market share. 

 

CO2-emissions have been increasing as more fossil fuel power plants have been constructed. The 

emissions are now 210 MtCO2 annually (Figure 8.6.3). The emissions will peak at 280 MtCO2 in 

2016, if the new nuclear plants will replace coal in electricity generation. The specific emissions 

will be 200 kgCO2/capita in 2050 and 120 kgCO2/capita in 2100. The both figures are below the 

targets of 690 kgCO2/capita in 2050 and 140 kgCO2/capita in 2100. 

 

8.7 The Middle East 

Electricity generation in the Middle East has grown from 240 TWh in 1990 to 760 TWh in 2009. 

It will reach to 2770 TWh by 2050 and 5400 TWh by 2100 (Figure 8.7.1). The major reason for 

the growth is the population, which will increase to more than 500 million by 2100.   

 

 

 

 

Figure 8.7.1 The forecasted electricity generation sources in the Middle East 
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Figure 8.7.2 The forecasted market shares of electricity generation sources in Middle East 

 

 

Figure 8.7.3 The forecasted CO2-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 have been living in the hydrocarbon age for 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. The nuclear age in the Middle East will then last 

from 2050 until 2100. 

 

The Middle East will need quite a large nuclear program in order to cut the CO2-emissions. The 

capacity additions after 2030 should be 4500 MWe annually, which corresponds to three 1500 

MW nuclear plants. At the moment there are two plants under construction in Iran and four 

plants in the planning stage in the United Arab Emirates. It would very profitable to sell the oil 

and gas to the world market rather than use it for base load power generation.  

 

The Middle East will be entering into the solar age in 2100, when solar will be the main source 

of electricity. The Middle East is one of the best places for solar power throughout the year and 

the solar age will probably start from there in the future. 

 

The CO2-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 CO2-emissions will then rise to 800 Mt by 

2020 and continue at this level until 2080. They will then start to decrease as the Middle East is 

approaching the solar age. The emissions will go down to 440 Mt by 2100. The specific 

emissions in 2100 will be 1250 kgCO2/capita, which is nearly ten times the target value of 140 

kgCO2/capita (2100). Thus the Middle East will need a massive CCS program to reach the target.  

 

8.8 Africa  

Electricity consumption in Africa has increased from 320 TWh in 1990 to 630 TWh in 2009 

(Figure 8.8.1). The growth will continue in the future and reach 2220 TWh by 2050 and 3900 

TWh by 2100. The specific consumption will grow from 560 kWh/capita in 2009 to 1150 

kWh/capita in 2050 and by 1750 kWh/ capita by 2100.  

 

Coal has had the largest market share until now and Africa will continue to live in the coal age 

until 2030. Hydrocarbons will overtake coal by 2030 as the largest source of electricity.  

 

The nuclear age will start in 2051, when nuclear will reach a 27% share and overtake the 

hydrocarbons. The nuclear age will then last until 2090, when hydro power will achieve a 27% 

share and overtake nuclear. Nuclear 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 The forecasted electricity generation sources in Africa 

 

 

Figure 8.8.2 The forecasted market 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 to build nuclear power plants.  However, there are large potential 

of renewable capacity available. 

 

The CO2-emissions of electricity generation have been increasing from 220 Mt in 1990 to 410 

Mt in 2009. The emissions will be increasing to 690 Mt by 2020 and peaking at 700 Gt in 2050. 

After the new nuclear and renewable power plant gain market share, the CO2-emissions will 

decline to 140 Gt by 2100.  

 

The specific emissions were 440 kgCO2/capita in 2009. The emissions will be 370 kg CO2/capita 

by 2050 and 60 kg CO2/capita by 2100.  The both figures are lower than the target of 690 kgCO2/ 

capita (2050) and 140 kg CO2/capita (2100). 

 

 

Figure 8.8.3 The forecasted CO2-emissions of electricity generation in Africa 

 

8.9 China 

Electricity generation in China has increased from 620 TWh in 1990 to 3720 TWh in 2009. The 

growth will continue and consumption will be 12 000 TWh by 2050 and 13 300 TWh by 2100. 

The growth in consumption has been 9% annually since 1990. It will slow down to 3% from 

2009 to 2050, because the population growth will be quite moderate in the future. 
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Figure 8.9.1 The forecasted electricity generation sources in China 

 

 

 
 

Figure 8.9.2 The forecasted market shares of electricity generation in China 
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China has been living in the coal age and coal has a 60% share of electricity generation (Figure 

8.9.2). The nuclear age will 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 wind power 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 plants. The nuclear 

capacity additions should be 20 000 MWe annually starting from 2021. This is about 30% of all 

nuclear capacity additions in the world. However, this is much less than the about 50 000ï70 000 

MWe of coal plants that China has built annually during the last ten years 

 

Between the years 2050 and 2100 about 50% of new nuclear plant should be built as nuclear 

CHP plants. This requires that a new type of nuclear plants will be developed by 2050. The 

plants should be inherently safe so that they can be located in the vicinity of population centers. 

The plants could be use breeder reactor technology, which China is developing at the moment. 

 

The CO2-emissions have been increased from 450 MtCO2/a in 1990 to 2700 MtCO2/a in 2009 

(Figure 8.9.3). The emissions will peak at 4000 Mt in 2020 and will decrease to 3200 Mt/a by 

2050 and 240 Mt/a by 2100. The specific emissions were 2000 kgCO2/capita in 2009. The 

emissions will reach 2300 kgCO2/capita by 2050 and then go down to 200 kgCO2/capita by 

2100. The both figures are above the targets of 690 kgCO2 (2050) and 140 kgCO2 (2100). To 

reach the targets China would need an additional CCS program.. 

 

 

 
 

Figure 8.9.3 The forecasted CO2-emissions of electricity generation in China 
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8.10 India 

Electricity consumption in India has grown from 280 TWh in 1990 to 870 TWh in 2009. The 

growth will continue in the future and consumption will reach 2300 TWh by 2050 and 2880 

TWh by 2100. The specific consumption was 730 kWh/capita in 2009 and will increase to 1400 

kWh/capita by 2050 and 2000 kWh/capita by 2100. 

 

 

 
 

Figure 8.10.1 The forecasted electricity sources in India 

 

 

 

The main source of electricity in India has been coal. The coal age in 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. The nuclear age will then last from 2041 until 2120, when solar power will 

overtake nuclear. The solar age will then last from 2120 to the unknown future. 

 

India will need a massive nuclear and renewable power program to get rid of coal in the future. 

The capacity additions of nuclear power should be 4500 MWe/a, starting in 2030. This will also 

include breeder reactors, which are under development in India. The breeders may include 

thorium breeders, which are breeding fertile thorium-232 into fissile uranium-233.  
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Figure 8.10.2 The forecasted market share of electricity sources in India 

 

  

 

 
 

Figure 8.10.3 The forecasted CO2-emissions of electricity generation in India 

0 %

10 %

20 %

30 %

40 %

50 %

60 %

70 %

80 %

90 %

100 %

T
W

h
Electricity Generation Sources 

in India

Solar

Wind/wave

Hydro

Biomass/waste

Municipal CHP

Industrial CHP

Old nuclear

New LWRs

New Breeders

Oil and Gas

Coal

0

100

200

300

400

500

600

700

800

900

1 000

M
t

CO2-Emissions of Electricity Generation 
in India

Oil and gas

Coal



 

 
 

170 

 

India is also a very good area for wind power development. The capacity additions of wind 

power will increase to 5000 MWe/a by 2030 and to 6000 MWe/a by 2050. However, solar power 

will be the best solution for electricity generation in the future, because of good solar conditions. 

Solar power capacity additions in India are increasing continuously and will reach a 25 000 

MWe/a level by 2100. 

 

The CO2-emissions of electricity generation in India are increasing very rapidly. The emissions 

were 200 MtCO2/a in 1990 and 660 MtCO2/a in 2009 (Figure 8.10.3). They will peak at 900 

Mt/a in 2025. Thereafter the emissions will decrease to 650 Mt/a by 2050 and to 140 Mt by 

2100.  The specific emissions were 550 kgCO2/capita in 2009. They will reach 400 kgCO2/capita 

by 2050 and 100 kgCO2/capita by 2100. These figures are lower than the targets of 690 

kgCO2/capita (2050) and 140 kgCO2/capita (2100). 

 

8.11 The rest of Asia and Oceania 

The electricity consumption in the rest of Asia and the Pacific has increased from 680 TWh in 

1990 to 1800 TWh in 2009 (Figure 8.11.1). The consumption will continue to increase to 4900 

TWh by 2050 and to 6160 TWh by 2100. The specific consumption was 1400 kWh/capita in 

2009. It will grow to 2930 kWh/capita by 2050 and to 3900 kWh/capita by 2100. 

 

 
 

Figure 8.11.1 The forecasted electricity generation sources in rest of Asia and the Pacific 
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Figure 8.11.2 The forecasted market sharea of electricity generation sources in rest of Asia and 

the Pacific 

 

The main electricity sources in the rest of Asia and the Pacific have been oil and gas plants. The 

hydrocarbon age will continue until 2069, when the nuclear share will increase to 36% and 

overtake oil and gas. The nuclear age will last from 2070 to 2100 until wind and wave plants 

will take the leading role in power generation. The wind age will then continue until solar 

electricity will take the lead in around 2120-50. 

Nuclear power capacity additions will increase to 6000 MWe/a by 2026, which corresponds to 

four 1500 MWe plants annually. Most of the investment will be made in South Korea, but new 

nuclear plants will also be built in Bangladesh and in Vietnam, which have signed contracts to 

build two 1000 MWe plants each by 2020. Other nuclear countries include Pakistan, Thailand, 

the Phillipines and Indonesia.  

The CO2-emissions of electricity generation in the rest of Asia and the Pacific have increased 

from 300 MtCO2/a in 1990 to 800 MtCO2/a in 2009 (Figure 8.11.3). The emissions will peak at 

1400 MtCO2/a during the years 2027ï2050. Thereafter the emissions will degrease to 200 

MtCO2/a by 2100. The specific emissions in the rest of the Asia and the Pacific are now 710 

kgCO2/capita. They will reach 860 kgCO2/capita by 2050 and go down to 120 kgCO2/capita by 

2100. The 2100 figure will be below the target of 140 kgCO2/capita. 
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Figure 8.11.3 Forecasted CO2-emissions of electricity generation in Rest of Asia Pacific 
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9 THE FEASIBILITY OF NUCLEAR POWER 

9.1 Planning of a nuclear project  

Nuclear project presents one of the most complicated and large industrial projects that have ever 

been implemented. The success of the project depends very much on the experience of the 

project people and on organized project planning. 

A nuclear project can be divided into six phases: the feasibility study phase, supplier selection 

phase, designing phase, the implementation phase, the operation phase and the decommissioning 

phase (Figure 9.1.1). It will typically take four years before state 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 into commercial operation. 

 

Figure 9.1.1 The phases in a nuclear project 

Feasibility

Study phase   Prefeasiblity study   Site approval  State approval

36-72 months 12-24 months 12-24 months 12-24 months

Supplier

Selection   Inquiry for bids   Preparation of bids for  Selecting of 

18-36 months NSSS and TG-plant  the main suppliers

6-12 months 6-12 months 6-12 months

Designing

Phase Design of        Construction permit Construction permit

48 months power plant application evaluation

24 months 12 months 12 months

Impelmentation

Phase Construction Installation    Testing and start-up

60 months 24 months 24 months 12 months

Operation

Phase Training similator    Schooling of operators Operation

24 months 60 years

Decommisioning

Phase Storage of spent fuel Spent fuel Final disposal

60 years Capsulation for ever
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Figure 9.1.2 The main decisions made in the Olkiluoto-3 nuclear project 

Project phase Project activities State authorities

Environental Impact

Assessment program

2.6.1998

Feasibility

study phase EIA Approved

4 years 17.2.2000

Prefeasiblity studies

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

8 years 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)
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The operation phase should be prepared carefully during the project execution phase and the 

operators should be trained with a training simulator. If a training simulator is not available, it 

should be built before the training can be effectively executed. 

Finally the decommissioning phase should be planned. This should include a plan for interim 

storage and final repository of the high level nuclear waste and a plan for decommissioning of 

the nuclear plant after the operation phase 

9.2 Prefeasibility studies  

Nuclear project will actually start when the future owner of the nuclear plant starts studying the 

alternative nuclear power plants in his future generation mix. These studies have been thoroughly 

described in my earlier book ñPlanning of optimal power systemsò.  

These studies include cost estimates for each of the alternative power plants and simulating the 

costs and profitability of the power plants in the utility system. The result of the optimization 

should give the optimal sizes of the power plants and schedules to connect each of the plants to 

the grid. They should also include the 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 for power plants in this phase could be generated by using the experiences of 

former nuclear investments. The investment costs should be converted into current cost level by 

using cost index (Table 9.2.1). The costs of the Loviisa-1/2 and the Olkiluoto-1/2 plants were 

ú1393 and ú1528/kWe respectively. The total investment costs of the Olkiluoto-3 plant will be 

about ú3500/kWe or twice the costs of the old plants. However, the plant was sold at a fixed 

price of ú2000/kWe. The losses of Areva are therefore about ú1500/kWe or about 75% of the 

sales price.  

Table 9.2.1 The investment costs of Finnish nuclear power plants 

 

The Finnish costs of a small nuclear plant do not predict the present costs of a large plant. There 

are several factors which influence costs. The new safety features, such as protection against an 

aircraft crash and core meltdown, increase costs.   

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 costsMeur 167 170 337 324 426 750 5600

Costs at 2010 levelMeur 752 607 1359 1276 1383 2658 5600

Eur/kWe 1542 1244 1393 1450 1608 1528 3500
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In my opinion the lowest specific costs would be obtained at a 600-1000 MW size.  The cost 

estimates in plant over the 1000 MW size seem to have scaling factor of 1.2-1.5, which means 

that the specific costs at the 1600 MW size would be higher than at 1000 MW size. The factors 

that tend to raise the costs, are for example the turbine speed. Above 1000 MW size the speed 

should 1500 r/min (or 1800 r/min in the US). Low rotation speed makes the turbine much more 

heavier and expensive than the full speed (3000 r/min) turbines.  

Larger size also will increase construction time and the interests during construction (IDC). 

Larger size means more powerful transmission lines and more reserve power plants. The trip of 

the plants also requires more regulation reserve power, which should replace the loss of nuclear 

power within 15 seconds and then restore the system back to be ready for a second disturbance. 

These external costs, if caused by the nuclear plant, have to be paid by the nuclear plantôs 

investor. 

9.2.2 Generation costs 

The generation costs of alternative power plants should be evaluated in the prefeasibility study 

phase. If a nuclear plant gives the lowest costs, then the investment can be justified. The main 

competitor for a nuclear plant is not today the coal fired plant, but a gas fired CHP plant and a 

wind power plant can generate power at the lowest cost. 

The investment costs of a nuclear plant are at 2011 cost level ú2500ï3500/kWe (Table 9.2.2). 

The generation costs of nuclear plants are typically ú40ï55/MWh, if the utilization time of the 

power plant is 7000ï8000 h/a. A wind power plant can also generate electricity at the costs of 

ú35ï52/MWh at good sites, where the full power hours reach 2000ï3000 h/a.  The generation 

costs of a gas combined cycle plant and a low cost nuclear plant are the same at full power hours 

of T1: 

T1 = (175.5-60.6)ú/kWa/(55.5-17.5)ú/MWh = 114.9/38.0 h/a =3020 h/a   

A combined cycle plant and a gas engine plant will generate power at the same cost at T2: 

T2 = (60.6-40.1) ú/kWa / (68.4-55.5)ú/MWh = 20.5/12.9 h/a = 1590 h/a 

At the intermediate power range (1590ï3020 h/a) gas combined cycle plants generate the lowest 

cost electricity. At the peaking power range (0ï1590 h/a) the lowest costs will be generated by a 

gas engine plant. During the old days the base load was planned with coal fired power plants. A 

coal plant and a gas engine plant will generate electricity at the same costs at T3:  

 T3 = (107.6-40.1)ú/kW / (68.4-48.6) ú/MWh = 67.5/19.8 h/a = 3410 h/a 

Thus if coal plants will be built, they would be economical at 3410ï8765 h/a. Gas or diesel 

engines are more economical than coal plants, if the full power hours would be 0ï3410 h/a.  
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Table 9.2.2 Preliminary generation cost evaluation (discount rate 5 %) 

 

Type Nuclear Nuclear Coal Gas Comb. Gas Wind Wind

low high Cycle Engine low high

Concept MW 1x1000 1x1000 2x500 2x500 20 x 10 40x3 40x3

Output MW 1 000        1 000        1 000        1 000        200           120           120           

Capital costs

Mechanical systems Meur 1 000        1 300        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           9                21             27             

Fuel storage Meur 40             50             67             77             -             

Basic costs Meur 2 200        2 990        1 207        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 2 475        3 513        1 327        728           101           132           170           

Specific costs eur/kWe 2 475        3 513        1 327        728           507           1 103        1 418        

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            5,1            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 eur/MWh 9,8            13,5          5,6            5,0            6,0            2,1            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            5,5            6,5            2,2            2,9            

Fuel costs

Efficiency % 35 % 35 % 42 % 52 % 42 %

Fuel price eur/MWht 2,0            2,0            7,0            20,0          20,0          

Fuel costs eur/MWhe 5,7            5,7            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 5,7            5,7            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 42,5          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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9.2.3 System costs 

The operation of the alternative power plants can then be simulated 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 1, Table 9.2.3) the base load would be 

generated with 9000 MWe capacity of coal fired plants (500 MWe unit size) and the peak and 

reserve needs with 500 MWe diesel or gas engines.  

 

Figure 9.2.1 Hourly electricity consumption during one week in September 2010 in Finland 

Additionally a 1000 MWe capacity of gas or diesel engine plants is needed for fast reserves to 

cover trip of two 500 MWe coals.  The total costs, assuming that all weeks are the same, would 

be ú4592 million or ú62.9/MWh (Table 9.2.3). The total emissions would be 59 MtCO2 or 807 

gCO2/kWh.  

If two 1000 MWe nuclear plants will be added to the system (Case 2), then 7000 MWe remains 

to be generated by coal plants and 500 MWe by diesel or gas engine plants. Additionally, 2 x 

1000 MWe diesel or gas engine capacity would be needed for reserves. The first 1000 MWe 

plant capacity would be needed for reserves to cover a trip of the first nuclear plant. The second 

1000 MWe is needed to cover the trip of the second nuclear plant.  

The annual costs of a system with two 1000 MW nuclear plants would be ú4390 million or 

ú60.1/MWh. The two unit nuclear plant would make the annual costs ú200 million lower than in 

Case 1 without the nuclear plants. The annual CO2-emissions would be 44.2 MtCO2 or 605 

gCO2/kWh  
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Table 9.2.3 Simplified evaluation of the Finnish power system using the data given in Figure 

9.2.1  

 

 

If the system would be optimized to get the lowest costs (Case 3, Table 9.2.3), then the base load 

should be generated with 7 x 1000 MW of nuclear plants, the intermediate load with 2000 MW 

of gas fired combined cycle plants and the peak and reserve load with 500 MW of gas engine 

plants. Additionally 2 x 1000 MW of reserves are needed to cover the trips of two 1000 MW 

nuclear units.  

The total annual costs would then be ú3669 million or ú50.3/MWh. The annual costs would be 

ú923 million (20%) lower than without nuclear power in the Case 1. The annual CO2-emissions 

of electricity generation would come down to 4.6 MtCO2 or to 63 gCO2/kWh. This would be 

92% lower than in the Case 1, with the coal fired base load generation. 

The Finnish power system today has 2400 MW of nuclear capacity in operation, one 1600 MW 

plant under construction and two 1500 MW plants in supplier selection phase. In the year 2020 

the total nuclear capacity in Finland would be about 7000 MW. The nuclear capacity will  be 1.3 

kW/capita and the largest specific nuclear capacity of any country. Additionally Finland has 

about a 5000 MW capacity of CHP power plants, which will be needed mostly during the winter 

time to cover the 16 000 MW peak load during the coldest winter days. There is also 2000 MW 

of hydro capacity and 2000 MW capacity of condensing power plants. 

Case 1 Case 2 Case 3

Generation mix

Nuclear capacity MW 0 2000 7000

Coal capacity MW 9000 7000 0

Gas CC capacity MW 0 0 2000

Gas or diesel enginesMW 1500 2500 2500

Total capacity MW 10500 11500 11500

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/kWh 807 605 63

Index 100 % 75 % 8 %
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9.3 Site studies 

A very critical task is to find the sites for the new nuclear plants.  The site has to have good 

cooling water conditions, and not very far from the high voltage network. Additionally, within a 

5-20 km radius from the site there should be practically no permanent population, because during 

accident situations this population should be evacuated. 

Another critical factor is the ground conditions at the site. The best soil for the site is granite 

rock, where the basement can be built without massive concrete structures. The bad seismic 

conditions could increase the costs of nuclear power plant investments. In Finland a nuclear plant 

should be designed to withstand earthquake acceleration of 0.1 g (g=9.81 m/s
2
). However, there 

are sites abroad, where 0.25 g is required.    

The site has to be approved by the local municipality. A municipal council has typically some 

30-60 members that should approve the nuclear plant to be built. The author has been a member 

of the Espoo city council, but during the years 1986-1992 nuclear power was out of the question 

because of the Chernobyl accident. Espoo has had the first research reactor (Triga) in operation 

since 1962 and possibilities of a heating reactor were studied during years 1979-85. 

There are municipalities that favor nuclear power. A nuclear power plant would generate tax 

revenues for the community, jobs for local people and service companies. But it will also make 

the neighborhood of the plant risky because of possible radiation releases. However, the 

radiation releases of the core meltdown accident at the Three Mile Island in 1978 did not cause 

any danger for the local population. If the design includes a core catcher, the risks will be even 

lower than in 1978. 

Electrical grid connections to the site have to be strong. They should allow the trip of the nuclear 

plant without causing a blackout of the grid. On the other hand a 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 conditions, which is some 5-10% of the gross output of the plant.  

Additionally, the nuclear plant should have a priority power supply from a separate local plant. 

The local plant may be a hydro plant, which could operate during the blackout of the main grid. 

It could also be built by using one or two 8-16 MW diesel engines, which will be started by using 

pressurized air. The blackout in 2003 in North-East USA stopped 10 nuclear power plants within 

three minutes from the start of the blackout. Nine of the nuclear plants had to use the emergency 

diesels and one used its priority power supply until the grid was restored within 2 to 14 hours. 

After this blackout many nuclear stations installed new priority electricity supply systems. 

Another question will be the transportation possibilities. A very good harbor and roads will be 

necessary for transportation of the reactor pressure vessel, which might have a weight of 300 

tons. The main transformers and generators of a nuclear plant might have the same weight. 
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9.4 State approval 

If the nuclear project is found to be feasible, it will need an approval by the state. In Finland the 

decision in principle will be made by the Finnish Government, and the Parliament has to approve 

the decision before the project can be started. 

The application for the state includes feasibility aspects and site evaluations. It will also describe 

which reactors may be selected and their safety features. The safety authorities should also 

review that the reactor candidates fulfill the local safety rules.  

In Finland perhaps the most critical issue has been the disposal of the spent fuel. In 1993 the 

Parliament said no to new reactors because the spent fuel question was open. Since then the 

utilities have established a separate company, Posiva, to prepare the disposal of spent fuels. 

When the decision of the Olkiluoto-3 reactor was made in 2002, the disposal methodology and 

site was approved at the same time. We will discuss this more thoroughly in Chapter 12.  

When the decision is made, it will have many effects on energy policies. A nuclear project will 

have a large influence on the CO2-emissions and on alternative energy sources. The goals of 

renewable energy and nuclear energy might be competing with each other. The aspects for 

economy, local industry 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 Island accident. Several books about this have been published. In my opinion the 

best book was Michio Kakuôs and Jennifer Trainerôs Book, Nuclear Power: Both Sides /9.2/. It 

includes the main thoughts about nuclear power by the US leading nuclear scientist and 

opponents. 
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10 SELECTION OF THE REACTOR SUPPLIER  

10.1 Splitting the project into contracts 

A nuclear power plant can be purchased with one main Engineering and Procurement Contract 

(EPC) or by splitting the project into several contracts. Most nuclear projects have been executed 

by big national utility companies, which have established a nuclear project team to manage the 

planning and contract management. 

A split package contract requires a project team of some 150-300 engineers in the projectôs main 

office and about 50-100 engineers at the site for supervision and management. The amount of 

engineering in the Loviisa ñAtomic project groupò was about 1000 man-years for the Loviisa-1 

project and 600 man-years for the Loviisa-2 project (Figure 11.2.1).  

Some of the engineers had experience on coal power plant projects, but most of the staff, 

including the author, was young (25 years old), and my experience was only from big refinery 

project. The whole project staff, including many foreign consultants, was located just in one 

building, which eased communication.  

The staff had in average about three years of engineering experience. In addition most of the 

engineers had been about one year in obligatory Finnish army service, where they had been 

trained to work in organized teams. The army service has been obligatory for all men for age at 

20 years. The project reminded me about the time in the army and I think that the secret of the 

success was that the engineers were committed to act like in army times. The project was divided 

for groups and each of the group was led by a group leader. The biggest engineering group was 

process and instrumentation, which included 40-50 people.  

The EPC contract approach can be recommended for an inexperienced utility, which does not 

have the project staff. However, there are not many nuclear power plant vendors, who are 

competent EPC contractors. Thus they will hire a separate contractor to do the engineering and 

construction 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 EPC approach in Olkiluoto projects. However, in the Olkiluoto-1 and -2 projects 

the contractors were Finnish and they knew the Finnish norms and practices. In the Olkiluoto-3 

EPR case the main EPC contractor was Areva and they used mostly foreign contractors and 

foreign labor.  

This has caused several problems, because the local conditions were not known by the foreign 

engineers. The engineering works was purchased from several countries, which made 

communication more difficult.  
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10.2 Prequalified suppliers 

The most critical decision in a nuclear project is the selection of the reactor or nuclear steam 

supply systemôs (NSSS) vendor. The most careful buyer will accept only the NSSS vendor, 

which has had operation experience with the offered reactor. Some require that 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 have a core catcher and outer protection 

against a possible aircraft crash. These requirements would mean a completely new design of the 

reactor building. This would mean a two year design project before the construction can begin.  

10.3 Boiling water reactor plants 

The Finnish utilities have prequalified three 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).  

10.3.1 ABWR 

ABWR reactor plants have been built in Japan, where the Kashiwazaki-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 were already introduced in the Olkiluoto-1 nuclear 

plant by Asea Atom in 1979. 

The author had the possibility to visit the Kashiwazaki-Kariwa site in 1991, when the 

construction was in progress. It was impressive to see the modular construction, which was in 

progress by then. The rebars of the containment structures were prefabricated and the total 

construction time was about four years. 

In the US, the ABWR plant planned in South Texas will be the first plant in the US in thirty 

years. The pressure vessel has already been ordered to be ready by 2012. The construction could 

start in 2011 and the plant could be ready for operation by 2015.  

10.3.2 ESBWR 

The ESBWR plant has no operating references, but one plant in the US is in the planning phase. 

It will have natural circulation in the reactor and thus the reactor pressure vessel (RPV) has a 

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 removal system has been designed to cool the 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 accident. This kind of passive heat removal 

system has not been proven in practice.  

The plant has also some safety equipment in turbine hall, which is not allowed by the Finnish 

safety standards. The design for a possible aircraft crash has not been completed. However, 

design changes can be made to satisfy the Finnish standards.  

 

 

 

 

Figure 10.3.1 Passive IC 

cooling system of the 

ESBWR reactor plant can 

cool the reactor for 72 

hours without external 

electricity 
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Table 10.3.1 Boiling water reactors prequalified 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 outputMWt 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/l 51 54 51

-Burn-up MWd/kgU 45 45

-Enrichment % 4 % 5 %

-Circulating pumps number 10 zero 8

Containment

-type Pressure supressionPressure supressionPressure supression

-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 0.3 g/ 0.4 g 0.3 g 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 third boiling water reactor Kerena (SWR-1000) is based on the German Gundremmingen 

power plant design, which has been updated to have passive safety features against possible 

station blackout events. The problem with the plant is that Germany cannot build new nuclear 

plants according to the present energy law. The plant has a good design, but it would be risky to 

buy the first plant, which is just on the drawing board. 

10.3.4 ABB BWR 

In my opinion the ABB 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 put all of their efforts into the AP1000 plants, 

which are still in the development phase and cannot be licensed in Finland today. However, 

pressurized water reactors are now leading the markets. 

 

10.4 Pressurized water plants 

The pressurized water reactors prequalified by the Finnish utilities include the European 

Pressurized Reactor (EPR) by Areva, the APR-1400 by Korean Hydro&Nuclear Company 

(KHNC), the AES-2006 (VVER-1200) by Atomstroyexport (ASE) and the EU-APR by 

Mitsubishi (Table 10.4.1).  

10.4.1 EPR by Areva 

The EPR reactor has been designed to satisfy the European Utility requirements, which were 

developed in 1992. The recent requirements include aircraft crash and core meltdown protection 

features. There are now four EPR units under construction, one in Finland, the second in France 

and two in China. 

The Finnish plant was ordered in 2003 and construction started in 2005. The plant is expected to 

start commercial operation in 2013 or ten years after the contract was made. The contract price 

was about ú3200 million, but the actual costs have overrun to about ú5600 million. The costs 

have risen from ú2000/kWe to about ú3500/kWe, which have caused losses for the contractor. 

However, the references are the key to get future orders.  

The problems at the Olkiluoto-3 came from being the first of this kind of design. The 

construction was started before the design was completed. Now the construction has already 

lasted six years and the last concrete was poured in summer 2011. The installation of the primary 

components will take another two or three years. Thus the total construction time will be about 

eight or nine years. It seems now that its sister unit in Flamanville will also have eight or nine 

yearôs construction time. 
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10.4.1 Prequalified pressurized water reactors for Finland  

 

 

10.4.4 The APR-1400 by KHNC 

The Korean pressurized water reactor APR-1400 (Advanced Pressurized water reactor) has been 

developed based on its smaller version, the OPR-1000 (Optimized Power Reactor).  The design 

was based on US Combustion Engineering System 80+ with two steam generators. The design of 

System 80 was certified in the US by the NRC in 1997.   

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 4 x 7 4x6 3x100%+2x100%

-Auxiliary generators 2x100%

-Containment dry dry dry dry

presressed concr. prestressed concr.

- inner diameter m 44,0

-Containment pressurebar 5,3 5,7 5,0 5,7

- 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 0,25 g

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 II-1/2

France 2007-15 Russia 2008-15

Taishan 1-2

China 2008-2016
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The first of the two System 80 PWRs were commissioned at the Yonggwang site in 1995 and 

1996. Seven OPR-1000 units are now in operation and three more under construction. Two APR-

1400 units are under construction at Shin Kori site in South Korea.   

Four APR-1400 units were ordered by the United Arab Emirates in December 2009. The price of 

the EPC contract was $20.4 million or $3640/kWe. The first of the reactors is planned to start 

commercial operation in 2017. 

APR-1400 design has some features which need to be considered. The design offered today is a 

two unit design, where the turbine halls are side by side. Most 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 and each of them have turbine axes in the same line. 

The second problem for the European countries is the American measurement units, which use 

inches and other non-ISO units. This means that for the European plants the units should be 

converted into millimeters. The third problem is the lack of a core catcher, which is required or 

the heat recovery from the reactor 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 mature enough for the international markets. However, the new designs to 

cope with aircraft crash and core melt down have to be done by then.  

10.4.5 AES-2006 

The Russian VVER-1000 reactors have several design concepts that have been used around the 

world. The latest plants built at Tianwan in China use the VVER-91 concept, which was 

designed by IVO Engineering for the Loviisa-3 plant during years 1976-91.  

 

Figure 10.41 The containment structure of 

AES-2006 plant aimed for the Loviisa-3 

includes: 1 Passive cooling of the 

containment, 2 SG passive cooling, 3 

Emergency water tanks, 4 Emergency 

chemical supply, 5 Hydrogen 

recombiners, 6 Hydrogen monitoring, 7 

Pressurizer safety valves, 8 Core catcher, 

10 Borated water tanks, 11 Valves for the 

cooling of the core catcher (Source: Vitaly 

Ermolaev) 








































































































































































































































