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THE FUEL CYCLE
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Uranium oxide



At present, uranium is the fuel which is most commonly used in nuclear power plants.
There are sufficient sources of uranium in the nature to cover needs of the nuclear power
industry.

Uranium contains two main isotopes U238 and U236. However, only U236 nuclei can be used for
nuclear fission. There is only about 0.7 % of U235 isotope contained in natural uranium. Most
reactors use slightly enriched uranium, i.e. uranium in which the portion of U236 is increased to
2-4 % by a special technological process.

Radioactive fission products are generated in a reactor during nuclear fuel fission. Some
of the U238atoms are changed to heavier radioactive elements during nuclear reaction. The
most important among the heavy elements is piutonium Pu239 which is fissionable and is a
potential nuclear fuel. As much as 1/3 of energy in a uranium-fuel-burning reactor is
released by fission of piutonium.

The fuel is taken out of the reactor after it has been burnt up and is placed into a spent fuel
pool. The spent fuel pool is filled up with a boric acid solution (12g/kg of water), In addition to
fission products, there is still some non-burnt uranium, piutonium and other heavy elements
in the spent fuel.

After the spent fuel has been sufficiently cooled down in the pool, it can be reprocessed.
This is the way how to refresh non-burnt uranium and piutonium. The complex technological
process of nuclear fuel handling is called nuclear fuel cycle.

3. Ore processing

4. Refining, conversion
and enrichment

5. Fuel
fabrication
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Following are the fuel cycle steps:

1. Front end of the fuel cycle
1.1. Mining and milling
1.2. Treatment
1.3. Refining, conversion and enrichment

1.4. Fuel fabrication

2. Use of fuel in nuclear reactors

3. Back end of the fuel cycle
3.1. Interim storage of spent fuel
3.2. Spent fuel reprocessing
3.3. Final disposal of spentfuel

1. FRONT END OF THE FUEL CYCLE

1.1. MINING AND MILLING
The uranium ore is mined by either surface or underground mining techniques. The

uranium contents in the ore ranges from a few hundredths of per cent up to 3 %. A large
amount of deads is produced during mining. The deads are used to fill up the mined
spaces. Recently, hydro-metallurgical techniques have started to be employed in mining -
the ore is leached by suitable solutions right on the site. There are no deads produced using
this method. However, attention must be paid to chemical changes in minerals and
consequences on composition of underground and surface waters.

1.2. ORE PROCESSING
The uranium ore is processed into a form of uranium concentrate (called "yellowcake")

containing 65 % of uranium at least. The basic operations of the processing are: crushing
and grounding the ore to a fine powder, leaching, separation, washing, extraction,
coagulation and drying the yellowcake. In the course of the operations a radioactive waste
is produced. The waste contains natural radionuclides and is stored in waste tanks close to a
processing plant.

1.3. REFINING, CONVERSION AND ENRICHMENT
The process of refining and conversion is necessary to change uranium compounds

contained in the yellowcake into the volatile gas uranium hexafluoride (UF6). Diffusion is the
most common way of enrichment, The enrichment is performed only in most industrialized
countries since the enrichment process is extremely difficult in terms of energy consumption.

1.4.FUEL FABRICATION
Enriched uranium hexafluoride is converted to uranium dioxide (UO2) powder which is

specially treated and pressed into small pellets with a diameter of 9.1 mm and length of
approximately 15 mm. The pellets are inserted into thin tubes, usually of a special zirconium
alloy steel, which are then sealed and form fuel rods. The tubes are coolant-resistant
and form a barrier preventing leakage of fission products. Tightness of the fuel rods is tested
after welding. A cluster of the fuel rods form a fuel element.



Nuclear fuel cycle

2. THE NUCLEAR REACTOR

The heat generated during fission is transferred by coolant - water, while the fuel
remains almost unchanged in terms of structure. Following isotopic changes occur during
burning up in the reactor:

- contents of the original fissionable U235 decreases,
- new fissionable isotopes are formed up from U238 (Pu239, Pu241) which are also

involved in energy release,
- fission products (slags) with various half-time of decay, which are characteristic with a

high neutron-absorption, are generated.
The fuel is taken out from the reactor after a certain period of time which is optimum in
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Refuelling is done by refuelling machine. The spent fuel pool can be seen in front of the machine.

physical and economic terms.
In case of a closed fuel cycle the spent nuclear fuel is reprocessed, fissionable materials

(uranium and plutonium) are re-used for fabrication of a new fuel, and fission products are
treated to a form suitable for final disposal. In case of an open fuel cycle the spent fuel will
be finally disposed of after an interim storage and particular treatment.



3. BACK END OF THE FUEL CYCLE

3.1. INTERIM STORAGE OF SPENT FUEL

Spent fuel pool

After a reactor has been shut down, cooled down and opened, fuel assemblies are
unloaded from the reactor to a a spent fuel pool by a refuelling machine. All fuel-handling
operations are performed under 3-6 m thick layer of water,

The spent fuel is a source of radioactivity and heat. The spent fuel assemblies must be
continuously cooled by water and shielded from the environment during storage and
transportation.

The spent fuel pool is connected with refuelling pool through a transportation channel.
There are racks in the spent fuel pool where spent fuel assemblies are stored for at least 3
years. The water temperature in the pool is kept between 40°C and 50°C by coolers. A
required level of the water activity is maintained by a water treatment station. The water is
treated by mechanical, cation and anion filters and gets back to the pool. After a certain
necessary period of on-site storage the spent fuel elements are transported to an interim
storage facility.

Interim storage facility

A spent fuel interim storage facility is placed off a reactor building. The fuel is stored here
for 40 to 50 years in case of an open fuel cycle, and for 3 to 10 years in case of a closed fuel
cycle.

In a wet interim storage, the fuel assemblies are stored in racks or storage cases of
transportation containers placed in pools filled with water.

In a dry interim storage, the fuel assemblies are encased in steel or concrete containers
cooled by air.

The interim storage facility consists of: transportation corridor with acceptance
equipment, decontamination equipment, transportation equipment, and storage
equipment.

The spent fuel from the on-site pool is transported in transportation casks. The size of
containers, as well as amount of fuel transported, is determined by a type of transportation
(truck, train, ship).

The spent fuel is transported according to regulations issued by the International
Atomic Energy Agency (IAEA).

Fuel transportation

The fuel cycle is associated with difficult demands in terms of transportation and always
concerns a broad public. Safe transportation of radioactive materials requires that 3 basic
requirements be met: (1) proper isolation and shielding from environment, (2) safe heat



SLOVENSKE
ELEKTRARNE

removal, and (3) avoiding a nuclear fission reaction.
Transportation demands differ during the fuel cycle. There is no serious radiation risk until

the fuel gets to a nuclear power station site (front end of the fuel cycle). Fresh fuel elements
are transported in casks made of a special material.

The spent fuel is handled and transported in special containers that represent the most
difficult packing technology in terms of transportation.

Properties of the container are verified in a testing facility. Strictness of requirements
could be illustrated by following examples: the containers must resist a fall from 9 meters to a
solid hard stable floor, then a fall from 1 meter to a rod made of a massive soft steel with
diameter of 15 cm, testing by fire with average temperature of 800°C for 30 minutes without
artificial cooling, sinking in water in a depth of 15 meters for 8 hours. Container tightness and
biological shielding integrity is verified in each test.

Spent fuel transportation container



Racks for storage of spent fuel assemblies

3.2. SPENT FUEL REPROCESSING

The target of the spent fuel reprocessing is to separate non-used uranium, plutonium
and other radioisotopes which are formed during a nuclear fission. There is a small amount
of radioactive wastes generated during reprocessing. The wastes, as well as spent fuel,
need to be finally and safely disposed of.

Plutonium may substitute a part of U235 in enrichment of a fresh fuel to be used in
pressurized water reactors. The spent fuel reprocessing, as well as uranium enrichment, may
be done only in economically strong countries since the process is very complex, costly and
energy-consuming.

Metallic wastes from fuel rod cladding are processed as intermediate level radioactive
waste. Fission products are melted with glass (vitrification). There are approximately only 115
litres of high level radioactive waste generated out of 1 ton of the spent fuel.

Experts have the same opinion about disposal of high level radioactive wastes, either
form of vitrified blocks after reprocessing or the spent fuel itself. The waste encased in
resistant containers will be disposed of in suitable geological formations a few hundred
meters below surface. Special teams of experts are also dealing with methods of
accelerated decay of radioactive elements using powerful accelerators (transmutation).
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3.3. FINAL DISPOSAL OF HIGH LEVEL RADIOACTIVE WASTES AND SPENT FUEL

The high level radioactive waste - a product of the spent nuclear fuel reprocessing - or
the spent fuel itself will be finally disposed of deep underground. So far, this is the safest way
of how to prevent a leak of radionuclides into a man^s environment, Deep underground
final disposal facilities have already started to be built. Construction technology,
exploration and safety analysis methods are being verified in a demonstration deep
underground facility in Aspo, Sweden. In most countries, including Slovakia, high level
radioactive waste and/or spent fuel final disposal facilities are assumed to be constructed
and commissioned sometimes between 2020 and 2030.

The fuel elements are removed from the VVER 440-type reactor after approximately 3
years of operation, i.e. after 3 fuel cycles. One third of fuel elements is exchanged roughly
once a year.

The first barrier against the harmful radiation is fixing radionuclides into a resistant,
water-proof and unsolvable material. High level radioactive wastes are in most cases
melted with boric silicate glass or ceramic materials, The glass and ceramics are almost
100 % resistant against acids and other aggressive substances. Radionuclides do not get
extracted from the materials even after a long-term impact by water. The fixed wastes are
disposed of in metallic casks having a life-time of no less than 1000 years. These are steel,
thick-wall and fire-resistant containers or copper vessels. Titan vessels are also considered,
Another barrier is formed by disposal facility construction itself, consisting of special
concretes, impermeable paints, asphalt or clay isolations and drainage systems.

The last barrier is formed by the nature itself. It is the geological formation itself where the
disposal facility is built in. The geologic formation must be placed in a seismic-stable area
and therefore minerals are selected for which there is an evidence of not changing during
last several million years. Dry and stable geological formations, such as granite, volcanic
tuff, clay sediments, salt or shale are seemed suitable. Disposal of the wastes in deep
underground also protects against external risks, e.g. fires, aircraft crash, sabotage,
flooding, etc.

Transportation container for fresh fuel elements



Yellowcake
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